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Abstract 
The abilities of Pseudomonas aeruginosa to adhere on surfaces and self-
aggregate allow the bacteria to undergo different modes of growth. This is 
implicated in pathological infections and the colonization of the species on 
surfaces in different environments. In this study, a quantitative method was 
invented to simultaneously determine the level of adhesion and the degree of 
aggregation of bacteria. Using this method, the adhesion and aggregation 
behaviors of Pseudomonas aeruginosa ATCC 10145 were studied. The 
results showed that this strain aggregated in dilute electrolytes. The degree 
of aggregation increased at lower electrolyte concentration. The 
concentration sensitive range was between 1 mM to 1 M. In general, the rate 
of aggregation could be reduced at much lower concentrations by divalent 
cations comparing with monovalent cations. In contrast, the effective 
concentration of calcium ions to reduce aggregation was highest. It was also 
found that, aggregation increased the number of adhered bacteria on glass. 
However, this effect was subjected to the concentration and the properties of 
the suspending electrolyte. The fact that EDTA and EGTA could reduce 
aggregation indicated that calcium was required for aggregation. In addition, 
protease-sensitive and heat-sensitive components on the cell surface were also 
found to be involved in the mechanism of aggregation. Aggregation-deficient 
mutants of Pseudomonas aeruginosa ATCC 10145 were isolated by 
enriching for spontaneous non-flocculated mutants. One of the isolates 
mutant 9 was selected for comparative studies with the wild-type. Mutant 9 
had demonstrated an increase in twitching mobility and appeared more 
hydrophobic. These suggest that the mutation of mutant 9 might reside in a 
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1.1 Bacterial Adhesion and Aggregation 
1.1.1 Significance of Bacterial Adhesion Studies 
The study of bacterial adhesion can be dated back to 1924 when Mudd 
and Mudd (1924) studied bacterial adhesion at the oil-water interfaces as a 
model for phagocytosis. In the subsequent four decades, relatively little 
interest was directed towards bacterial adhesion and related subjects. Not 
until the late seventies, had it been a dramatic rise in scientific interests 
toward this long-known phenomenon. Detail historical accounts of bacterial 
adhesion studies have been reviewed by Rosenberg and Doyle (1990), and 
Rosenberg and Kjelleberg (1989). The change in attitude is attributed to the 
increasing significance ofbiofouling problems and increasing evidence for the 
distinguishing physiology ofbacteria undergoing biofilm mode of growth. 
mt 
1.1.1.1 Biofouling “ 
Biofouling describes the colonization of organisms on surfaces which 
eventually affect human activities. Living organisms tend to colonize on 
surfaces especially in nutrient-rich environement because surfaces provide a 
mean of protection and a constant supply of food. Some eukaryotic 
organisms like diatoms, algae, fungi, protozoa, see weeds, barnacles, oysters 
and mussels are capable of adhesion. These organisms secrete adhesives 
which fix the organisms firmly onto the surface. This should be distinguished 
from the sucking actions of snails and certain mollusc. 
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The colonization of organisms on a solid-liquid interface such as a rock 
surface off the seashore generally follows a sequence in which bacteria are the 
first colonizers which are followed by microalgae, algal spores, and 
invertebrate larvae. The eventual result is a complex community of micro-
and macroscopic organisms, referring to as a biofilm (Extracted from the 
public lecture by Professor E. B. Gareth Jones on “To stick or not to stick: a 
microb's dilemma" 23 March 1998, City University of Hong Kong). The 
development of fouling biofilms on ship hulls and heat exchanger surfaces is 
the consequence of biofouling. Marine biofouling is currently controlled by 
the application of tributyltin oxide and related compounds which are toxic to 
the problem-causing mollusc and other marine lives (Karande and Ganti 
1994). In view of this problem, scientists are now exploring other means. 
One of the strategies is to prevent the adhesion of the first colonizer such as 
the bacteria (Avelin Mary et al., 1994). 
Biomedical device-related infection is caused by the biofouling of 
microorganisms. Modern treatments of severely ill patients often involve 
instrumentation. The application of implanted devices has expanded 
dramatically over the past—twenty-five years. As a result, many patients who 
would formerly have died (for example, from systemic failure) are kept alive 
today. However, it also increases the chances of bacterial infections. Unlike 
normal tissues which are constantly renewing, implanted devices are generally 
permanent surfaces. Once a bacterial biofilm is formed on an implanted 
device, there are in fact no way to get rid of it except removing the device 
from the body. In addition adhered bacteria on contaminated catheters may 
be introduced to susceptible tissues or fluids, for example, cerebrospinal fluid 
(Sarubbi et al., 1978), in which they can grow rapidly, from small inocula to 
potentially invasive numbers, without interference from the natural defenses. 
The fact that the total artificial hearts and peritoneal dialysis catheters are 
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almost certain to be infected by bacteria in the long mn have limited their 
applications to relatively brief period of time fNose, 1992). 
1.1.1.2 Physiology of Free-living and Biofilm Bacteria 
Since the pioneering work of Koch and Pasteur in 1860s, 
microbiologists have been researching single strains of bacteria adapted to in 
vitro growth under the laboratory setting while neglecting the fact that over 
90% of the bacteria in natural systems exist in biofilms or microcolonies. In 
vitro studies have resulted in the development of a lot of promising 
antibacterial agents. Though they show high effectiveness to planktonic 
bacteria, most of them cannot exert the same effects when used to control 
biofilm bacteria fNickel et al., 1985). It is now apparent that although 
adhered bacteria have exactly the same genetic makeup as their free-living 
form, they are profoundly and phenotypically different from their planktonic 
counterparts. In some cases, the targets of the drugs present in the 
planktonic bacteria are actually absent in the biofilm bacteria (Kelly et al.’ 
1990). 
Fletcher (1985) has discussed how the alteration in bacterial physiology 
is brought about by the surface mode of growth. Firstly, the surface can 
influence nutrient availability. Secondly, cell membrane associated processes, 
for example, substrate transport and energy generation are modified. Finally 
and most important of all, adhesion and subsequent biofilm formation may 
allow the development of colonial microenvironment. Conditions in the 
microenvironment may be totally different from the environment outside. 
Moreover, microorganisms of different species in the biofilm would interact 
among one another. Species having different abilities may help one another 
to exploit food supplies which a single species cannot utilize (Kudo and 
Costerton, 1987). 
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1.1.1.3 Applications of Bacterial Adhesion Studies 
Bacterial adhesion is a multi-disciplinary subject which can find wide 
application in various medical, environmental, and biotechnological fields. 
Bacterial adhesion is the first significant step of bacterial colonization. 
Adhesion on tissues and biomedical devices leads to pathological 
consequences. Adhesion on foodstuffs causes spoilage. Adhesion on metal 
leads to fouling and corrosion. On the other hand, it can bring about benefits 
if controlled appropriately. In wastewater treatment systems biofilm bacteria 
can be used for organic carbon removal. The aggregation ofbacteria leads to 
the formation of sludge which can be easily separated with the bulk liquid. 
Other examples of beneficial use of bacterial adhesion include immobilized 
biofilm bioreactor system, biosensor application and recovery of metals from 
ores. 
1.1.2 Definitions 
Difficulties in communication often arise during the discussion of 
bacterial adhesion. It is caused by the inconsistency in terminology used by 
researchers from different disciplines. Terms like attachment, adhesion, 
adherence, and adsorption are sometimes used casually, and in some cases 
synonymously by different authors. In order to prevent ambiguity, precise 
definitions of these terms have been made by CharackJis and Marshall (1990). 
Unless otherwise stated, their definitions are adopted below. 
Association is a term useful in describing the interaction between a cell 
and a surface, without specifying a mechanism for this interaction. Until the 
precise mechanism of the interaction has been elucidated, it may be properly 
described as cell association with a surface (Rutter et aL, 1984). 
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Sorption is a process in which a molecule or cell moves from one phase 
to be accumulated in another, particularly when the second phase is a solid. 
Sorption is a general term that includes both adsorption and absorption. 
Absorption is the penetration of molecules or cells nearly uniformly 
among those of another phase to form a “solution ’ with the second phase. 
Absorption is a three-dimensional process and is best suited to describing the 
interaction of bulk water with biofilm, which usually has a more accessible 
three-dimensional structure than the substratum. Therefore absorption is 
more related to attachment as defined below. 
Adsorption is the interphase accumulation or concentration of molecules 
or cells on a substratum or interface. Adsorption is a two dimensional 
process. Two types of adsorption can be differentiated on a semi-quantitative 
basis namely physical adsorption and chemisorption. 
Physical adsorption is a reversible or equilibrium adsorption involving 
primarily physical forces such as van der Waals forces, hydrogen bonds, 
electrostatic interactions, and water bridges. It is characterized by a low heat 
of adsorption per chemical bond (20-50 kJ/mol), and exhibits low specificity 
between the adsorbent and adsorbate. 
Chemisorption is generally irreversible adsorption and is characterized 
by a high heat of adsorption per chemical bond (40-400 kJ/mol) and is a more 
definitive chemical interaction, for examples, ionic or covalent bond. 
Chemisorption usually exhibits a specificity of the adsorbate for the adsorbent 
and usually results in only single layer adsorption. In cell-surface interactions, 
chemisorption is sometimes referred to as adhesion, because it refers to more 
or less irreversible adsorption frequently mediated by macromolecules on cell 
surfaces known as adhesins. 
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Desorption is the reverse of adsorption and refers to the movement of 
molecules or cells from the substratum back into the bulk liquid compartment. 
Attachment is defined as the capture anchor entrapment of cells in a 
biofilms. It refers to the interaction of bulk liquid compartment components 
with the biofilm components in contrast to adsorption which occurs at the 
liquid-substratum interface. 
Detachment is the reverse of attachment and is the movement of cells 
from a biofilm into the bulk liquid compartment. Detachment is loss of 
components from the biofilm, in contrast to desorption, which is loss of 
components from the substratum. 
Adhesion is used to describe the process that a cell particle adsorbs onto 
a surface and that work is required to desorb it (Rutter et ai.’ 1984). 
Adherence is sometimes used similarly but different authors use it to describe 
different phenomena: from instant adsorption to the inclusion of proliferation 
on the surface while adhesion refers only to the initial association process. 
Therefore’ its usage was not recommended (Christensen et al. 1995). 
Microbial cell aggregation is a ubiquitous natural phenomenon. While 
adhesion describes cell-surface interaction, aggregation is regarded as cell-cell 
adhesion. Flocculation or coagulation is also used to describe aggregation 
without a solid support. According to Kepkay (1994), there are conflicting 
definitions for flocculation and coagulation by different authors. Therefore, 
he avoided these two terms and used the term aggregation in the most general 
sense to encompass all of the factors contribute to the formation of large 
particles. This definition would allow the contribution of growth inside the 
aggregates. A stricter definition by Mozes and Rouxhet (1990) described the 
process as the coming together of originally dispersed cells and as a result 
yields microcolonies or aggregates. This latter definition would be used in 
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this thesis. Aggregation involving a single bacterial strain is also called self-
aggregation. If more than one strains are involved, it is called coaggregation 
(Bos et al., 1994). Another form of cell-cell interaction is the association of 
planktonic cells with another surface adhered species which is sometimes 
referred to as coadhesion (Ellen et cd., 1994) especially when more than one 
strains are involved. 
1.1.3 Colonization Process 
The time profile for bacterial colonization on surface can be usefully 
classified as very short term, short term and long term interactions. Very 
short term interactions describe surface conditioning. Short term interactions 
describe the approach and adhesion of bacteria while long term interactions 
include changes in the metabolic and/or locomotoiy behavior of the contacted 
cells. 
When a clean surface is immersed in environmental water, various small 
and large molecules such as ions, polysaccharides, proteins or other non-
proteinatious solutes are^adsorbed onto it instantaneously. This layer of 
adsorbed molecules, termed a conditioning film, can alter the physicochemical 
properties of a surface. The extent of surface conditioning can affect both the 
initial association and the physiology of the microbes. In her review article, 
Fletcher (1991) discussed the physiological differences between 
microorganisms on a conditioned surface and that on a non-conditioned one. 
Following surface conditioning is the transportation process. Planktonic 
cell-particles encounter with the substratum either passively (by current) or 
actively (by chemotasis). Bacterial adhesion takes place subsequently, 
beginning from a few minutes to as long as 2 hours, which can be reversible 
and in fact up to the stage of biofilm formation and persistence, the whole 
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process is a dynamic one. Adhesion may be passive (adsorption is rapid and 
can be eluted off by certain eluants) and/or active (involve physiological 
activities ofbacteria, for example, secretion of exopolymers). 
In the onset of colonization, the adhered cells begin to grow and 
replicate on the surface with the production of more exopolymers. The later 
stage is marked by the capturing of more planktonic species and the 
production, of more exopolymers and finally a biofilm is formed. Beyond this 
stage, the bacteria will either invade the substratum when the latter is a host 
or a food source or persist in the biofilm which undergoes a continuous 
growing, dying, capturing new cells and detachment cycle (Characklis, 1990). 
1.1.4 Specific and Nonspecific Interactions 
1.1.4.1 Definitions 
Adhesion and aggregation may be brought about by specific or 
nonspecific interactions. Their definitions described by Rutter et al. (1984) 
are adopted here. Non-specific interactions involve physicochemical forces 
including, for example, electrostatic, dipolar or hydrophobic interactions. 
The number and strength of such interactions may vary greatly. This, 
however, does not imply specificity. An additional requirement for specific 
interactions is some form of stereochemical constrain which brings several 
pairs of neighboring, interacting groups into contact. Monomers and 
oligomers which sufficiently mimic the binding sites of either interacting 
surface polymer can occupy the binding sites and block specific interaction, 




Nonspecific interactions are governed by long-range physicochemical 
forces, mainly, electrostatic forces and van der Waals forces, and short-range 
forces, for instance, hydrophobic interactions, polymer bridging, ion bridging 
and hydrogen bonds. Hydrophobic interactions, electrostatic interactions and 
polymer bridging are most often considered in bacterial adhesion. 
1.1.4.2.1 Electrostatic Interactions 
At physiological pH most bacteria carry a net negative charge. The 
cells acquire that charge by ionizing surface groups (amino, carboxylate and 
phosphate). In physiological liquids, the surface charge is neutralized by 
counterions. An electrical double layer is thus established. The surface 
charge properties of bacterial cells is usually characterized by the zeta 
potential which is deduced from the electrophoretic mobility of the bacteria 
ff)onath and Voigt, 1985). 
In situations when both the bacteria and the surface carry net negative 
charges, the overall interactions of attractive forces, mainly, van der Waals 
forces and repulsive electrostatic forces can be described by the Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory (Weiss and Harlos, 1972). 
According to the DLVO theory, when colloidal particle is close to a surface 
(or another particle) with like charge in an ion-containing dielectric medium, 
the net forces can become attractive at a certain distance beyond the primary 
minimum, which is termed second minimum. Adhesion models have been 
proposed based on this theory (Section 1.1.5). 
1.1.4.2.2 Hydrophobic Interactions 
« 
Hydrophobic interaction refers to the proclivity of one nonpolar 
molecule for another nonpolar molecule over water. When two hydrophobic 
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surfaces approach one another in an aqueous environment, intervening 
ordered layers of water are displaced. The increase in entropy, which is a 
consequence of this displacement reaction, creates energetically favorable 
conditions for adhesion (van Loosdrecht and Zehnder, 1990). 
Hydrophobic interactions depend on two factors. The first one is the 
cell surface hydrophobicity (CSH). The presence of polar molecular groups 
on the cell surface favors interactions with water molecules via hydrogen 
bonds and therefore is expected to reduce the overall CSH, and vice versa. 
CSH, however, is dependent on other environmental factors. At pH values 
dose to the isoelectric point of the cell, the zeta potential is minimal. At 
another pH with increased ionic strength, surface charge is neutralized at 
shorter distance (Ochoa, 1978). In both situations, electrostatic interactions 
are reduced and hydrophobic interactions are revealed best. Secondly, 
salting-out agents such as ammonium sulfate would favor hydrophobic 
interactions by increasing surface tension of water. On the other hand, 
chaotropic salts would hinder the interactions (Ochoa, 1978). 
The role of hydrophobic interactions in bacterial adhesion has been 
reviewed by Rosenberg and Kjelleberg (1989). The main difficulty in 
studying the role of hydrophobic interaction in bacterial adhesion is the 
quantification of 'hydrophobicity both of the surface and of the bacteria. A 
semi-quantitative ‘Hydrophobicity Index’ was used in experimental methods 
such as microbial adhesion to hydrocarbons (MATH) and hydrophobic 
interaction chromatography (HIC). 
Other determination strategies include contact angle measurement 
(CAM) and salt aggregation test (SAT). CAM can be used to calculate 
surface free energy which is closely related to hydrophobicity. SAT, which 
resembles hemagglutination test, is performed by mixing a bacterial 
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suspension with increasing concentrations of salting-out agent (primarily 
ammonium sulfate). Aggregation state is categorized into a score from 1 to 
4 after incubation for a given time and examination by naked eyes. This 
technique, introduced by Lindahl et al. (1981) is based on the premise that 
increasingly hydrophobic bacteria will aggregate at correspondingly lower salt 
concentrations because less salt is required to reduce repulsive charges on 
bacterial surface and subsequent dominance of hydrophobic interactions, 
i ‘ 
SAT can be modified by substituting direct observation with optical density 
measurement after removal of the aggregates. 
1.1.4.2.3 Nonspecific Adhesins 
Bacterial adhesion may involve short range chemical forces and some of 
which are nonspecific. These nonspecific interactions are produced by 
adhesins secreted by the bacteria. 
Most bacteria produce exopolymers, whether they are grown in 
suspended cultures or in biofilms. Such bacterial polymers are almost 
exclusively polysaccharides. Since long chain polymers tend to adsorb on a 
surface with irregular folding, protruding loops and tails are formed which 
can serve as "free hands" to interact with another surface, thus produces the 
interactions known as polymer bridging. Because of the large number of 
monomers in a polymer, even very weak interactions between polymer 
segments and the surface may lead to significant adsorption forces. Many of 
the nonspecific bacterial exopolymers are homopolysaccharides containing 
only one monomer. For example, extracellular cellulose is produced by 
several Acetobacter species and is chemically similar to cellulose in higher 
plants, that is, P-l,4-linked unbranched glucans. In addition, bacterial 
alginates are produced by several strains of Pseudomonas aeruginosa, P. 
medocina and Azotobacter vinelandii, These polymers, very similar to algal 
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alginate, are composed of two monosaccharides: D-mannuronic acid and its 5-
epimer L-guluronic acid (Christensen and Characklis, 1990). 
Although most nonspecific adhesins are polysaccharides, other types of 
adhesins do exist. For example, the major outer membrane protein of 
Chlamydia trachomatis has been found to functions as a nonspecific adhesin 
for mammalian cell by electrostatic interactions and hydrophobic interactions 
(Su et al., 1990). 
1.1.4.3 Specific Interactions 
1.1.4.3.1 Lectins 
A specific protein-carbohydrate interaction, known as the lectin-like 
activity can be used to exemplified specific interactions. Lectins are 
multivalent carbohydrate-binding proteins or glycoproteins from nonimmune 
origins produced by bacteria, plants and animals. Each lectin can recognize a 
specific oligosaccharide unit and the resulting association can be inhibited by 
the presence of specific saccharides which mimic the specific binding sites on 
the counter surface (Matthysse, 1992). Coaggregation of several oral 
bacteria is lectin-mediated (McIntire et al., 1978; Cisar et al., 1979). Lectins 
are found at the tips of the pili of certain bacteria (Firon et al., 1983 ; Brenna 
etal., 1984; Zafriri etaL, 1989). 
1.1.4.3.2 Other Adhesins 
Apart from the lectin-like interactions, protein-protein interactions also 
mediate specific adhesion. For example, a specific adhesin responsible for the 
binding of Staphylococcus aerus to plasma fibronectin has been isolated 
(Kuusel, 1978). Adhesin-receptor couples do not solely exist in bacterial-
mammalian systems. Using a monoclonal antibody raised against a cell 
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surface molecule of 200 to 220 kDa, Timmerman et al (1991) showed that 
an adhesin of Staphylococcus epidermidis can mediate specific adhesion to 
polystyrene. Muller and coworkers (1993a, b) provided evidence for a 
polysaccharide antigen involved in the adhesion of coagulase-negative 
staphylococci to silicone catheters. Transposon mutants deficient in this 
polysaccharide antigen had a ten-fold decrease in their adhesion to silicone 
surfaces. These and other findings break the assumption that specific 
interactions exist only on biological surfaces. 
1.1.4.3.3 Approaches in Identifying Specific Interactions 
To identify specific interactions present in a system, empirical tests have 
to be performed. An extensive literature search of the properties of the 
studied species is essential. Proteases, blocking molecules and monoclonal 
antibodies are frequently employed in the tests. If a specific interaction is 
identified, it will be further verified by the purification of the adhesin. When 
performing such tests, it should be taken into account the conditions in the 
natural systems which may significantly affect the results. For example, the 
pilus-mediated adhesion of Pseudomonas aeruginosa to buccal epithelial cell 
is enhanced in increasing level of proteases in saliva which can remove 
inhibitory fibronectin from epithelial cell surfaces (Wood etal., 1983). 
Apart from the blocking molecules, genetic engineering proves to be a 
useful tool in the identification of specific interactions. Adhesin deficient 
mutants have been isolated and structural genes encoding some adhesins have 
been cloned and sequenced. In some cases, the genes encoding a particular 
adhesin have been identified and information gained about how the genes are 
regulated. One of the examples is the FL01 gene involved in yeast 
flocculation (Watari et al., 1994). ‘ 
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1.1.5 Models of Bacterial Adhesion and Aggregation Processes 
Process models are proposed for the explanation of bacterial adhesion 
and aggregation behavior in a simplified manner. An adequate model 
resembling the real situation can help us to understand the phenomena more 
easily by highlighting the most important parameters governing the process. 
Prediction of the outcome with changes in parameters can thus be made. 
4 » 
1.1.5.1 Models of Bacterial Adhesion Process 
The most often cited models of bacterial adhesion process describe the 
interactions between negatively charged bacteria and a hydrophilic surface 
such as glass. 
Based on DLVO theory and experimental findings, Marshall et al. 
(1971) proposed the model of adhesion for a marine bacterium on glass in 
which the cell undergoes the transition from physical adsorption to 
chemisorption. Their model begins by the transportation of planktonic cell-
particles to the venue. Reversible adsorption takes place first at the second 
minimal distance, which is followed by irreversible adhesion. While relatively 
weak physicochemical forces contribute to reversible adsorption, adhesins 
such as extracellular polymers (exopolymers) are usually involved in 
irreversible adhesion. 
Busscher and Weerkamp (1987) extended Marshall's model to include 
more forces in the system. At separation distances greater than 50 nm, only 
the attractive van der Waals forces are operative. At distances between 
10 and 20 nm, both van der Waals and electrical double-layer forces operate. 
Reversible adsorption takes place at the second minimal distance. Certain 
surface appendages, including pili and fIagellae, could overcome the repulsive 
electrostatic forces and bridge the cell with the surface. Hydrophobic regions 
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(molecules, structures and appendages) may play a major role at this point in 
the removal of water from between the interacting surfaces and enabling 
short-range interactions to occur. At very short separation distances 
(<1 nm), when any potential barrier has been overcome, a variety of specific 
and nonspecific interactions operate, leading to irreversible adhesion. 
Other proposed models include those that highlight the importance of 
flagella (Lawrence et al., 1987) and others that describe the rapid adhesion on 
hydrophobic substratum (Wiencek and Fletcher, 1995). 
1.1.5.2 Models of Bacterial Aggregation Process 
By treating cells as colloidal particles, models of cellular aggregation are 
constructed. Aggregation process can, thus, be described by colloidal 
flocculation kinetics, in which von Smoluchowski's theory (Smoluchowski, 
1917) is the classical one. Most of these models considered aggregation as a 
two-step process, that is, cell-cell collision and adhesion of collided cells 
(McCave, 1984). A number of mechanisms contribute to collision, which 
include Brownian motion, shear, or bacterial motility to name a few (Kepkay, 
1994). The adhesion of collided cells is governed by the stickiness or the 
strength of aggregation. The strength of aggregation of bacterial cells has 
been expressed with the use of DLVO theory (Van Loosdrecht et al., 1989). 
The probability that particles will stick together after collision has been 
defined as coalescence efficiency (McCave, 1984) or coagulation efficiency 
(Jackson, 1990). This term is determined by dividing the number of 
successful collision resulting in adhesion over the expected total number of 
collision. 
Based on Smoluchowski's theory, kinetic models describing the 
aggregation of lymphocytes by antibodies under static condition 
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fNeelamegham et aL, 1997a) and the reversible chemical-stimulated 
aggregation of neutrophils under linear hydrodynamic shear (Neelamegham et 
al., 1997b) were proposed. Experimental results indicated that aggregation 
rates strongly depended upon the original cell concentration, the motility of 
cells, the frequency of cell-cell collision, aggregation strength, and the time of 
applied shear. Smoluchowski equation has also been applied in the study of 
bacterial aggregation by antibodies (Doldosheina et al., 1992), the 
flocculation ofyeast (Speers, 1993), and polymer flocculation of Escherichia 
coli (Whittington and George, 1992). 
1.1.6 Experimental Systems in Adhesion Research 
1.1.6.1 Types of Surfaces 
Bacterial adhesion studies can be categorized according to the type of 
surfaces involved, namely biological, reactive, bioactive and inert. Examples 
of biological surfaces are foodstuffs and tissues of plants and animals. This 
kind of studies usually focuses on adhesins, host cell receptors, bacteria-host 
cell interactions and signal transduction processes (Stromberg, 1992). 
Reactive surfaces are the types chemically modified or degraded by the 
adhered bacteria. Apart from various organic materials, matters such as 
mineral ores (DiSpirito et al.’ 1983; Murr and Berry, 1976) and organic 
polymers (Toepfer and Kanz, 1976) can also be reactive. 
Bioactive surfaces refer to surfaces that can actively exert effects on the 
colonized microbes. Due to the problem of biofouling in industrial processes 
and biomedical implants, some materials aje synthesized to prevent bacterial 
colonization. The strategies include coating toxic substances like silver (Bach 
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and Bohrer, 1993), peroxide producing catalysts (Wood et aL, 1996) or 
antibiotics (Schierholz et al., 1994) on the surfaces. 
A surface is inert when it neither exerted effects nor was chemically 
modified after bacterial colonization. Bacterial adhesion on inert surfaces is 
very common in the environment. It is, however, important to note that the 
term inert is in no way implying the non-interactiveness of the surfaces. 
Numerous preconditioning modification by chemicals, such as surfactants 
(Humphrines et al, 1986), biological fluids (Dunne and Burd, 1993), cell 
components (Wang et al., 1993) and even bacterial secretions (Cowan and 
Busscher, 1993) may render inert surfaces interactive. 
1.1.6.2 Model Systems 
Model systems are required for all adhesion experiments. It is desired 
that the models be as close to natural systems as possible. By using a model, 
it is possible to determine the characteristics of cell surface components and 
how various environmental factors affect the adhesion process. 
To study adhesion on inert surfaces, glass is often used to represent 
hydrophilic surfaces while polystyrene or other hydrophobic synthetic 
polymers are representatives of hydrophobic surfaces (Humphrines et aL 
1986). For the adhesion on biomaterial, the exact materials used in the 
devices incubated in suitable biological fluids are employed (Hogt et aL, 
1985). Sometimes, flow chambers (Cowan and Busscher, 1993) or rotating 
discs (Wang et al., 1993) are used to simulate adhesion in moving liquids 
(plasma flowing in blood vessels). Surface roughness has to be considered 
when working on roughness uncharacterized surfaces. 
• 
Other models include: sand columns to model surface soil (Williams and 
Fletcher, 1996) monolayer epithelial cells on plates to represent living tissues 
17 
QLaux et cd., 1984) and hydroxyapitide beads or coated surfaces to substitute 
tooth surfaces (Clark et cd., 1978; Schilling et al., 1994). 
1.1.6.3 Quantification of Bacterial Adhesion 
Three main approaches have been developed to quantify bacterial 
adhesion. 
The first approach directly measures the adhesion strength between the 
bacteria and the surface. One common strategy is by measuring the critical 
force (centrifugal field) needed to desorb adhered bacteria from a well-
defined surface (Fowler and McKay, 1980). The measured quantity by this 
approach is absolute with a dimensionless force unit while the quantities 
derived from the other two approaches are more relative. These later 
approaches avoid the use of specific instrument. Instead, they exploit 
statistical concepts. Since only a percentage of cells in the bulk liquid would 
be associated with the surface after a certain incubation time and assuming 
that the association forces between the cells and the surface have a normal 
distribution, by counting the number ofbacteria present in a unit area, relative 
readings proportional to the adhesiveness are obtained. 
The second approach follows the deposition of microbial cells on the 
substrata under controlled hydrodynamic conditions. Busscher and Van Der 
Mei (1995) have described the parallel plate flow chamber device in which a 
suspension ofbacterial cells undergoing a relative laminar flow over a surface 
was set up. The number of associated bacteria can be followed by direct 
observation or video image recognition. 
The third approach is by estimating the number of bacteria, either the 
adsorbed one after a standard washing procedure (to remove non-adhered 
and loosely attached bacteria) or the desorbed one. The practical 
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enumeration techniques range from direct microscopic counting, viable 
counting of desorbed bacteria, radiolabelling or staining of the bacteria 
followed by scintillation counting spectrophotometric or fluorometric 
measurement, to measuring ATP levels, enzyme activities, carbon dioxide 
production, glucose utilization and enzyme-linked immunosorbant assay 
(Christensen et al, 1995). 
1.1.7 Experimental Systems in Aggregation Research 
1.1.7.1 Production of Aggregates 
The choice of method for the production of aggregates depends on the 
purpose of study. If no attempts are made to assess the strength of 
aggregation static incubation will be sufficient although aggregation is often 
enhanced by slow agitation of suspension of dispersed cells which tend to 
concentrate in the middle of the flask and to form aggregates (Moscona, 
1961). 
To study polymer^ flocculation system, high molecular weight 
polysaccharides are introduced. A colloidal model using latex particles and 
seaweed alginate as synthetic substitutes has been developed for activated 
sludge (Sanin and Vesilind, 1996). 
1.1.7.2 Characterization of Bacterial Aggregation 
There are at least four inter-dependent properties that may be quantified 
in the context of aggregation according to Calleja et al. (1984). They are 
strength, morphology, extent and rate. 
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Strength may be assessed directly using rheology techniques. 
Application of hydrodynamic shear to suspension of single cells increases the 
likelihood of collisions among cells. However, large shear force can also 
break the cells apart. In order to produce quantifiable shear force, apparatus 
such as Couette flow rheometer (Couette, 1890) parallel plate flow chamber 
(Bos et al., 1994) laminar flow tube (Whittington and George, 1992), and 
cone-plate viscometer (Neelamegham et al., 1997b) have been employed. 
The accuracy is increased if aggregation is monitored by flow cytometry 
(Neelamegham et al., 1997b) or light scattering techniques (Kardash et al., 
1990). 
Morphology of cellular aggregates encompasses the size, shape and 
compactness of the aggregates. The assessment of size is a relatively easy 
task when the aggregate is compact. Considerably greater problems arise 
when attempts are made to find dimensions of less compact aggregates, 
which deform easily during the fixing step of microscopic slide preparation. 
The assessment of shape has the same problem. Compactness may be 
expressed in terms, for example, of the average coordination number of a cell 
inside a floc’ the concentration of cells in the fIoc, or fractal dimension 
7 ^ 
(Logan and Wilkinson, 1990). 
The extent of aggregation is expressed in terms of the ratio between the 
concentration of cells in the dispersed phase and the concentration of cells in 
the aggregate at equilibrium phase separation. Determination strategies 
include microscopic counting or turbidity measurement after complete 
settling. 
The rate of aggregation is usually measured by the decrease in the 
number of single cells or by the increase m size of the aggregates formed 
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within a given period of time (Hubbe, 1981). Turbidity measurement or light 
scattering techniques are also called for. 
1.2 Pseudomonas aeruginosa 
1.2,1 General Description and Clinical Significance 
Pseudomonas aeruginosa is believed to be discovered by Schroeter 
(1872) and named Bacterium aeruginosum. Later, it was classified to the 
genus Pseudomonas by Migula (1900). P. aeruginosa is a gram-negative rod 
of 0.5 to 0.8 fim by 1.4 to 3 fim, motile with a polar monotrichous flagellum 
(cells with two or more flagella may occur infrequently). The production of 
diffusible pyocyanin, pyoverdins (blue and yellow in neutral medium) and 
fluorescent pigments are the characteristic of the species. All strains grow 
well at 37°C and most of them as high as 42°C, a character that differentiates 
P. aeruginosa from the other Pseudomonads of the fluorescent group: P. 
fluorescens and P. putida.. The organism is a strict aerobe except in media 
containing nitrate. ATCC10145 Q^CJB 8295; NCTC 10332 Opin. 36 Jud. 
Comm.) is the type strain of Pseudomonas aeruginosa (Buchanan and 
Gibbons, 1974). 
P. aeruginosa is a physiologically versatile organism, widely distributed 
in soil, water, sewage, the mammalian gut and plant. Simple nutritional 
requirements and the ability to metabolize a variety of organic substances 
enable it to multiply in fluids and moist environments found in hospital wards 
(Gilardi, 1985). P. aeruginosa is an opportunistic pathogen for human. It 
was isolated and named Bacillus pyocyaneus by Gessard (1882) as the cause 
of bluish green coloration of surgical dressings. Its clinical prevalence was 
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reviewed as early as 1912 (Fraenkel, 1912; Fraenkel, 1917). Though virtually 
harmless towards healthy, uninjured subjects (except infancy), it appears to be 
more pathogenic than other bacteria in the anterior chamber of eyes (Kreger, 
1983) and more prone in causing fatal infection in patients whose immune 
systems are weakened by burns (Bodey et al.’ 1983), tumor chemotherapy 
(Rolston and Bodey, 1992) and Acquired Immunodeficiency Symdromes 
(Mendelson et al., 1994). It presents special hazards in patients requiring 
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instrumentation (catherization) (Sheth et al., 1983) and those having cystic 
fibrosis (Section 1.2.3.4). The pathogenicity of P. aeruginosa infection is 
contributed by a variety of enzymes and other virulent components such as 
hemolysin, fibrinolysin, elastase, lipopolyssacharides, lectins, pili and alginate 
(Gilardi, 1985). 
1.2.2 Adhesins of Pseudomonas aeruginosa 
Adhesion of P. aeruginosa is multi-mechanistic. P. aeruginosa 
produces an extremely sticky exopolysaccharide, called alginate, which has a 
key role in adhesion (Section 1.2.3). The type-4 pilus appears to be the 
dominant adhesin for the adhesion on mucosal epithelia (Section 1.2.5). 
Recent evidence suggests that lipopolysaccharide is also one of the adhesins 
(Section 1.2.4). The flagellum also plays a role particularly in the adhesion to 
the comea (Section 1.2.6). P. aeruginosa lectins have been identified for 
several decades (Section 1.2.7). Other adhesins composed mainly of proteins 
present on the cell surfaces (Section 1.2.8). P. aeruginosa can also secrete 
biosurfactants, caUed rhamnolipids, which can play a significant role in 
adhesion and aggregation phenomena (Section 1.2.9). 
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1.2.3 Alginate Mucoidity, Biofilm Formation and Cystic Fibrosis 
1.2.3.1 Alginate and Colonial Morphology 
P. aeruginosa may exhibit a number of colony types on agar and is 
characterized as mucoid, gelatinous, smooth, coliform-type, dwarf and rough 
by the criteria of Thomassen et al. (1979). The first description of mucoid P. 
aeruginosa was published by Sonnenschen (1927). Schultz (1947) also 
reported the isolation of a gelatinous variant of P. aeruginosa. He found that 
the extracellular slime of this strain, which gave the bacterial colonies the 
gelatinous nature, was composed of polysaccharides (Danz and Schultz, 
1949). Later, Linker and Jones (1964) identified the polysaccharide to be 
alginic acid (linear P-l,4-linked D-mannuronic acid and L-guluronic acid with 
different degree of 0-acetylation) or alginate. The mucoid strains in 
particular, overexpress alginate and appear as distinguishing slimy and 
spreading lawns on agar. In general, the exhibition of different colonial 
morphology is affected both by the particular properties of the strain and the 
growth media. Mucoidity of some strains will be lost gradually after 
subculturing in some laboratory media (Chan et al, 1984). 
This extremely sticky alginate helps the cells adhere firmly onto surfaces. 
Its expression is enhanced by initial adsorption on surfaces. Davies and 
Geesey (1995) showed that expression of algC (involved in alginate 
biosynthesis) is 19-fold higher in biofilm bacteria than in those remaining 
suspended. By using reporter gene fusion technique, the authors found that 
an algC-lacZ plasmid carrying strain displayed up-expression of algC 
reporter gene product 15 minutes after adsorption on a glass surface. 
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1.2.3.2 Conditions for the Expression of Mucoidity 
Mucoid phenotypes have been shown to be produced from non-mucoid 
strains under stresses. The switching to mucoidity seems to be triggered by 
the adjustment of energy metabolism responding to nutrient deprivation. 
Conditions such as limited iron (Boyce and Miller, 1982), high cation 
concentration such as 0.3 M sodium chloride (Berry et al., 1989) poor 
carbon sources (Speert et al., 1990) and limited phosphate (Terry et al., 
1991) enhance the switching to the mucoid phenotype. 
These findings indicate that switching to mucoidity is a normal strategy 
of the organism in responding to environmental stresses. In a survey 
conducted by Grobe et al. (1995), ten out of eighty-one environmental 
isolates of P. aeruginosa displayed mucoid colonies on Pseudomonas 
Isolation Agar. From the results, the authors suggested that surfaces in 
aquatic environment might represent a natural habitat for mucoid strain of P. 
aeruginosa that may be related to the biofilm mode of growth. They also 
noticed that among the ten mucoid isolates, eight of them belonged to 
serotype 6 that was also predominant among clinical mucoid and non-mucoid 
strains ofP. aeruginosa (Schiller and Hatch, 1983). 
1.2.3.3 Biofilm formation 
With its alginate and its versatility, P. aeruginosa can effectively adhere 
itself on surfaces and develop into a monospecies biofilm enclosed in alginate. 
In freshwater environment, colonized P. aeruginosa may attract more 
microorganisms to the biofilm and form a complex multispecies structure 
containing zones of different microflora as discovered by confocal scanning 
laser microscopy (Lawrence et al., 1992). Inter-specious signaling molecules 
or bacterial hormones are involved in the biofouling process (Kaiser and 
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Losick, 1993). In this sense, P. aeruginosa can be described as the 
pioneering species on surfaces. 
The flexibility of P. aeruginosa to environmental conditions and 
tendency in undergoing biofilm mode of growth, allow them to proliferate in 
environments that are hostile to many other bacteria. These advantages will, 
on the other hand, promote the presence of P. aeruginosa as significant 
human pathogens as in cystic fibrosis. 
1.2.3.4 Cystic Fibrosis 
In cystic fibrosis, a recessive disorder of the chloride channel causes a 
destabilized ion transport. This leads to tenacious mucus in the lungs and 
protein plugs in the pancreas and to the characteristically high sweat chloride 
levels (Frizzell et al., 1986). In the presence of excessive mucus, the ciliated 
epithelial cells in the bronchi cannot clear external matters away from the 
airway normally. Bacterial infection thus follows which gradually develops 
into a chronic infection. Doggett et al. (1964) noted that the majority of P. 
aeruginosa isolated from the lung of cystic fibrosis patients with chronic 
pulmonary infections were mucoid. In contrast, non-non-mucoid strains had 
been found in other P. aeruginosa infections. 
Later, Terry et al. (1992) showed that the environment in the airway of 
these patients particularly favored the growth of mucoid P. aeruginosa. The 
compositions of the mucus in these patients were found to match all the 
criteria for an ‘ideal medium in the conversion to mucoidity 
(Section 1.2.3.2). The mucoid isolates were also found to be depiliated with 
rough lipopolysaccharides (Section 1.2.4.3) and mutated flagella 
« 
(Mahenthiringham et aL, 1994) and grew in alginate-enclosed microcolonies 
or biofilms (Lam et a/., 1980). This phenomenon is the result of a dynamic 
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selection process that eventually allows the most well-adapted phenotypic and 
genotypic mutants to persist and develop into a chronic infection. 
The biofilm mode of growth protects the bacteria from phagocytosis 
(Eftekhar and Speert 1988) and antibiotics (Nickel et al., 1985). Moreover, 
the immunogenicity of mucoid bacteria is reduced by depressing the 
expression of antigenic cell surface components and the encapsulation with 
alginate (Bryan et aL, 1983). Patients complicated by this type of infection 
usually die in early age due to respiratory passage obstruction by alginate-
induced excessive mucus secretion (Pedersen etal., 1990). 
1,2.4 Lipopolysaccharides 
1.2.4.1 Lipopolysaccharides and Serological Typing of Pseudomonas 
aeruginosa 
Serological typing has been used most frequently in typing clinical 
bacteria. The International Antigenic Typing System (IATS) proposed by 
Pinghui V. Liu (Liu PV et al., 1983) is the conventional standard in typing P. 
aeruginosa. The scheme classified P. aeruginosa into twenty serogroups 
according to agglutination reactions of twenty IATS sera against cell surface 
antigens (Liu and Wang, 1990). The 0-antigens (or lipopolysaccharides) are 
the principal antigens distinguished by these sera. 
1.2.4.2 Location 
The cell envelop of P. aeruginosa is typical of gram-negative bacteria 
and includes an inner membrane, peptidogfycan layer and outer membrane. 
(Meadow, 1975). The basic components of the inner membrane are proteins 
and lipids. Peptidoglycan is a regular co-polymer of N-acetylglucosamine and 
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N-acetylmuramic acid cross-linked by short peptide chains. The outer 
membrane is composed of a phospholipid bilayer with the inclusion of 
proteins, lipoproteins and lipopolysaccharides. Lipopolysaccharide is the 
principal heat-stable type-specific antigen of the cell surface. A number of the 
pathological characteristics of P. aeruginosa are also associated with it 
(Kropinski etal., 1985). 
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1.2.4.3 Chemical Structure 
The lipopolysaccharide of P. aeruginosa has a similar general 
architecture as the lipopolysaccharides of the family Enterobacteriaceae 
(Egami et al., 1954) after the first discovery in Serratia marcescens 
(Paraschivescu, 1936) and later in P. aeruginosa (Bovin and Mesrobeanu, 
1937). The lipopolysaccharide is made up of three regions: the hydrophobic 
biologically-active (cytotoxic) lipid A the core polysaccharide which is rich in 
neutral sugar and phosphate residues, and the aminosugar-rich, 
immunologically reactive 0-specific polysaccharide chain. The lipid A is 
embedded in the external layer of the bacterial outer membrane. The core is 
joined to lipid A through—an acid-labile linkage of the terminal 2-keto-3-
deoxyoctulosonic acid residue. The 0-specific polysaccharide chain is a 
series of repeating oligosaccharide units on top of the core. It is now clear 
that cellular lipopolysaccharides are highly heterogeneous and can be 
distinguished from each other by the length of the polysaccharide chains. A 
complete lipopolysaccharide with 0-chain, core and lipid A is termed the 
smooth-form. In contrast, a rough-form lipopolysaccharide lacks the 0-chain 
and may also has an incomplete core (Meadow, 1975). 
Exceptions to the above scheme have been found in the polyagglutinabIe 
or nontypable isolates of P. aeruginosa which could be commonly isolated 
from cystic fibrosis patients (Hancock et a!.’ 1983). Detail examinations have 
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led to the discovery of the common antigen (A-band lipopolysaccharide) 
composed of three-rhamnose repeating units (Sawada et al., 1985; Yokota et 
al., 1987), other classes of oligosaccharide repeats which could be present in 
exopolysaccharide slime layer or covalently bind to lipopolysaccharides 
(Kocharova et aL, 1988; Kocharova et al., 1989) and high molecular weight 
polysaccharides apart from alginate (Pier and Bennet, 1986; Christofidou et 
al.’ 1993). The evidence from Hantano et al. (1993) that the 0-chain and the 
common antigen may exist on the same lipopolysaccharide molecule further 
suggests the heterogeneity of P. aeruginosa lipopolysaccharides. 
1.2.4.4 The Role of Lipopolysaccharides in Adhesion 
The alteration in the lipopolysaccharide sub-population under different 
growth condition, particularly the mucoid mode of growth (Kelly et aI., 1990; 
Hantano et aL, 1995), can affect the virulence, immunogenicity and in 
particular the adhesion phenomena of P. aeruginosa. Makin and Beveridge 
(1996) showed that adhesion of P. aeruginosa on inert surfaces can be 
influenced by the composition of A-band (common antigen) and B-band (0-
antigen) lipopolysaccharides on the cell surface, since the 0-chain carries 
acidic sugar moieties while the rhamnose on the common antigen is neutral 
and chargeless. The expression of common antigen and 0-antigen have been 
shown to be growth-dependent (McGroarty and Rivera, 1990). 
In addition, P. aeruginosa lipopolysaccharides can interact 
nonspecifically with mammalian cell membranes, especially phospholipids 
(Morrison, 1985). It can also bind to the comea and to contact lenses 
(Fletcher et al., 1993). Recent evidence suggested that 
gangliotetrosylceramide is the receptor for its binding on bovine and mouse 
comeal epithelium (Gupta et al.’ 1994). An exposed outer core 
polysaccharide might be the ligand for the interaction (Zaidi et al., 1996). 
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1.2.5 Pili 
Pili (or fimbriae) are filamentous polar organelles projected from 
bacterial surfaces found in a wide variety ofbacteria. They serve a role in the 
binding of bacteria to other bacteria in conjugation and in the binding of 
bacteria to surfaces during pathogenesis. Because pili are long and the 
binding sites are often at the tip ends, they may allow bacteria to adhere on 
surfaces that electrostatic interactions prevent them from approaching too 
closely. The actual binding interaction of pili may involve lectins. Pili may 
also be hydrophobic and aid in the adhesion to hydrophobic surfaces 
(Matthysse, 1992). There are several classes of pili, but possibly the most 
widespread one is that referred to the type-4 piU, also known as the N-
methylphenylalanine pili. Pili are 5 to 6 nm in diameter and several i^m in 
length, and may be found on a large number of bacterial species including P. 
aeruginosa (Paranchych, 1990). 
P. aeruginosa pili are multifunctional, retractable structures which 
provide a unique form of bacterial locomotion on solid surfaces called 
twitching motility (Bradley, 1980) and act as receptors for pilus-specific 
bacteriophage (Bradley, 1966). They are homopolymers consisting of several 
thousand copies of a 15 kDa protein subunit termed pilin. The pilins are 
arranged in a helical array to produce a hollow cylindrical strand (Folkhard et 
aL, 1981;Watts etal., 1983). 
The pilins in different strains of P. aeruginosa are variable but they 
exhibit a number of common distinctive features (Dalrymple and Mattick, 
1987). These include a short, positively charged leader sequence that is 
processed prior to assembly, an unusual methylphenylalanine residue on the 
N-terminal, and an extremely hydrophobic and highly conserved N-terminal 
domain. A characteristic structural element found in all P. aeruginosa pilin 
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prototypes is an interchain disulfide linkage (DSL) at the far C-terminus 
ODoig et al., 1988). This DSL domain is physically exposed only at the tip of 
the pilus and plays the central role in the binding to the epithelial cell surface 
receptors. P. aeruginosa mutants with altered DSL domain sequence display 
only 10% adhesion capability to human pneumocyte cells, reducing to a level 
in non-piliated strains (Farinha et cd., 1994). 
The nature of human epithelial cell receptors for pilin adhesion is poorly 
understood. Pili can bind to gangliotetrosylceramide (asialo GM1) and 
gangliotriosylceramide (asialo GM2), and to a weaker extent, to lactosyl 
ceramide and ceramide trihexoside (Krivan et al., 1988a). Competitive 
binding assays postulated that the minimal recognized structure is 
GalNAcP(l-4)Gal (Krivan et al., 1988b). However, the glycosphingolipids 
are not the only cell surface structures with pilus-binding activity. Several 
membrane proteins (Paranchych et al.’ 1985) and glycoproteins (Doig et al.’ 
1989) also interact with type-4 pili. 
1.2.6 Flagella -^  
The flagellum of P. aeruginosa is built up of helically arranged fIagellin 
subunits which are basic at physiological pH. Providing motility is always an 
important function of flagella, but adhesive properties have also been 
attributed. Flagella are involved particularly in the adhesion to comea 
(Rudner et al., 1992). Purified flagella were shown to bind certain protein 
bands in human and mouse comeal tissues via electrostatic interactions 
(Hazlett and Rudner, 1994). Flagella can also affect adhesion by the motility 
effect. Stanley (1983) found that the adhesion to stainless steel was greatly 
« 
reduced when flagella were mechanically removed. This was due to motility 
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loss rather than the removal of parts of the cell involved in adhesion, because 
adhesion of deflgellated cells was comparable to that of heat-killed cells. 
1.2.7 Lectins 
Two types of lectins have been identified in P. aeruginosa, namely PA-I 
and PA-II. PA-I binds D-galactose, whereas PA-II complexes with L-fucose 
i • 
and D-mannose (Gilboa-Garber, 1982). These lectins are implicated in 
hemagglutination reactions (Gilboa-Garber, 1972; Gilboa-Garber et al., 
1994). The original cytoplasmic lectins are released upon cell lysis, causing 
toxic effects to the host (Glick and Garber, 1983). They can also bind to 
surviving bacteria (Wentworth et al., 1991), creating organisms capable of 
complexing with complementary glycolipids (Lanne et al.’ 1994). 
1.2.8 Other Adhesins 
Baker et aL (1991) proposed that cell surface-associated exoenzyme S 
shares the asialoganglioside binding specificity with type-4 pilus and 
lipopolysaccharides. Furthermore, two proteins of 18 kDa and 15 kDa were 
identified to be involved in the binding to mucin, a glycoprotein found in 
mucus (Reddy, 1996). Adhesion to mucin might be related to an adhesin-
flagella system (Ramphal et al., 1996). Protein components are also 
involved, for instance, in the coaggregation of P. aeruginosa with other oral 
bacteria (Komiyama et al., 1987) and in the adhesion to tracheal lamanin 




P. aeruginosa produces biosurfactants, called rhamnolipids as secondary 
metabolites. Rhamnolipids are produced extracellularly in late-exponential 
and stationary phases of growth under nitrogen limitation. Rhamnolipids 
produced by P. aeruginosa were first described in 1949 by Jarvin and 
Johnson. Although the fatty acid chain length may vary among strains, the 
basic structures remain the same. L-Rhamnosyl-L-rhamnosyl-P-
hydroxydecanoyl-P-hydroxydecanoate and L-rhamnosyl-p-hydroxydecanoyl-
p-hydroxydecanoate referred to as rhamnolipids 1 and 2 respectively, are the 
principal glycolipids. 
The physiological role of rhamnolipids are the exploration of oil soluble 
nutrient sources (Zhang and Miller, 1992) as well as the exertion of 
antimicrobial effects against competing microorganisms (Lang and Wagner, 
1993). The production of rhamnolipids is enhanced in a growth medium with 
limited iron, limited and poor nitrogen source such as nitrate, excess of 
carbon source such as glucose, mannitol and vegetable oil, unlimited 
phosphate and pH of about 6.0-6.5 when the growth approaches stationary 
phase (Ochsner et al., 1996). 
Due to their amphiphilic nature, rhamnolipids can decrease the surface 
tension of water as well as partition preferentially at the oiVwater interface. 
The surface tension of water can be lowered from 72 to approximately 
30 mN/m by rhamnolipids with a concentration above the critical micelle 
concentrations (CMC). Similarly, the hexadecane/water interfacial tension is 
reduced from 40 to 1 mN/m or even less (Haferburg et al., 1986). 
Rhamnolipids have the surface CMC range from 0.01 to 1 g/l, and the 
interfacial CMC against hexadecane of 0.005-0.2 g/1 (Gutnick and Minas, 
1987). 
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Rhamnolipids can induce aggregation of some hydrophobic strains of P. 
aeruginosa in medium containing hexadecane. The aggregation is related to 
increased CSH. Cell-wall associated rhamnolipids may be indirectly 
responsible for greater CSH through the enhancement of hexadecane uptake 
(Zhang and Miller, 1994; Shreve et al., 1995; Herman et al., 1997). In 
contrast, rhamnolipids decrease the adhesion of P. aeruginosa to sand (a 
hydrophilic surface), with greater effects on more hydrophilic strains. 
Reduced retention may be due to solubilization of extracellular polymers, 
increased negative charge density of the surface by rhamnolipid adsorption, or 
reduced availability of sorption site by steric hindrance (Bai et aL, 1997). 
1.3 Current Study 
P. aeruginosa has been an extensively studied species in bacterial 
adhesion mainly because of its significance in cystic fibrosis. In addition, its 
multi-mechanistic adhesion strategies and strong literatural background 
makes it an attractive candidate for research. Alginate is constitutively 
produced by mucoid strains of P. aeruginosa, which cover the bacterium with 
a layer of sticky slime. For non-mucoid strains, experimental evidence has 
shown that alginate production is stimulated by contact. This active process 
is believed to enhance the existing adhesiveness upon initial adsorption. 
Concerning initial adsorption current concepts believed that 
physicochemical forces, for instance, electrostatic interactions and 
hydrophobic interactions play the main role. 
A non-mucoid hydrophilic IATS type 6 Pseudomonas aeruginosa strain, 
ATCC 10145, was chosen for current study. Being the type strain of P. 
aeruginosa, it can appropriately represent most non-mucoid P. aeruginosa in 
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a simple model system involving adhesion on glass or plastic surfaces. 
During the early stage of the study, attempts were made to study the effects 
of different electrolytes on the adhesion and aggregation of Pseudomonas 
aeruginosa ATCC 10145. Chemically defined media were used for growth. 
In some of these media, cell aggregates were observed which sticked heavily 
on the glass wall of the culture flasks. It was later found that aggregation 
was dependent on the type and concentration of electrolytes in the media. 
4 • 
Microcolonies and biofilms are closely related to one another, both 
involving cell-cell adhesion. Microcolonies have been observed in P. 
aeruginosa biofilms obtained from cystic fibrosis patients. However, not 
many studies have been made on the aggregation of P. aeruginosa. This led 
me to look into this phenomenon more closely. 
In the current study, a simple method was developed to determine 
bacterial adhesion and aggregation simultaneously. This method is sensitive 
and reproducible. Using this method, the effects of growth conditions, 
electrolyte concentrations and other factors on adhesion and aggregation 
were studied. „ 
During the later stage of the study, efforts were made to investigate the 
aggregation mechanism of Pseudomonas aeruginosa ATCC 10145. In order 
to go into more details, aggregation-deficient mutants were isolated by 
selecting for slower sedimenting strains. Several cell surface properties ofthe 
mutants were compared with the wild-type. Finally, several substances and 
biomolecules were found to be related to aggregation and their roles in 
aggregation were discussed. 
« 
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2 MATERIALS AND EQUIPMENT 
2.1 Bacterial Strain 
Pseudomonas aeruginosa ATCC 10145is the type-strain Pseudomonas 
aeruginosa. This strain is hydrophilic, non-mucoid and belongs to IATS type 
6 serotype (Wilkinson and Galbraith, 1975, Liu PV et aL, 1983). It was 
isolated from non-clinical sources. 
The strain used in this study was given by Mr. Y. H. Chow, Department 
of Biology, Hong Kong University of Science and Technology. It was 
confirmed to be Pseudomonas aeruginosa with Api 20 NE kit (bioMerieux, 
France) by Mr. S. L. Kam, Department of Microbiology, The Chinese 
University ofHong Kong. 
2.2 Solid Surfaces 
Glass microscopic slide was purchased from Sail China. Polystyrene 
Tissue Culture Dish was purchased from Coming, USA. Polyethylene Petri 
Dish was purchased from Sterilin, UK 
The properties of the three tested surfaces in this research are as follows. 
Glass is considered a high energy surface with surface free energy of about 48 
m j W and carries a negative charge (Tadros, 1980). The polystyrene used in 
this study is specially treated to optimize for tissue culture. The modification 
process is known as Corona discharge which covalently link the polystyrene 
surface with random functional groups. The resulting surface is hydrophilic 
and possesses a net negative charge (information given by the manufacturer). 
The surface free energy of a similar material was reported to be 46.8 m j W 
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(van Oss 1994). The polyethylene used here is hydrophobic with surface free 
energy of about 33 mJ/m^ which is considered a non-charged medium energy 
surface (van Oss, 1994). 
2.3 Chemicals 
All chemical reagents used were of analytical grade and were used 
without further purification. 
N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, N-acetyl-D-
mannosamine, alginic acid (sodium salt), ammonium persulfate, ammonium 
phosphate (dibasic), ammonium phosphate (monobasic), ammonium sulfate, 
L-alanine, L-arginine, calcium chloride dihydrate, carbazole, cetylpyridinium 
chloride, citric acid (monohydrate), cyclohexylammonium phosphate 
(dibasic), 1,4-dazabicyclo-[2,2,2]octane, DL-dithiothreitol, D-fucose, L-
fucose, D-gluconic acid (sodium salt), D-glucosamine (hydrochloride), D-
glucose-1 -phosphate (disodium salt), glutaraldehyde L-glutamine, L-glutamic 
acid, glycerol, L-glycine n-hexadecane, hexadecyltrimethylammonium 
bromide, L-histidine, imidazole, A^-lauroylsarcosinate (sodium salt), Luria-
Bertani agar (Miller), Luria-Bertani broth (Miller), L-lysine, magnesium 
chloride (hexahydrate), myo-inositol potassium nitrate, potassium phosphate 
(dibasic; trihydrate), pronase E, protamine sulfate, protease (from Bacillus 
polymyxa) proteinase K, L-serine, sucrose N N N’ N’-
tetramethylethylenediamine, thioglycolic acid (sodium salt), triethanolamine 
and trypsin were purchased from Sigma Chemical Co. (USA). 
Copper(n) sulfate, D-glucose monohydrate, iron(II) sulfate-7-hydrate, 
«. 
manganese chloride-4-hydrate, manganese sulfate, magnesium sulfate-7-
hydrate phenol, potassium chloride, potassium dihydrogen phosphate, 
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potassium sulfate, sodium chloride, di-sodium hydrogen phosphate-2-hydrate, 
sodium dihydrogen phosphate-2-hydrate, sodium hydroxide, sodium 
potassium tartrate, sodium tetraborate-10-hydrate, zinc(II) chloride and 
zinc(II) sulfate from Riedel-de Haen Chemical Co. (Germany). 
Ammonium chloride, ammonium hydroxide, barium nitrate, 
bromophenol blue, cesium chloride, chloroform, hydrochloric acid, methanol, 
potassium hydroxide and sulfuric acid were purchased from BDH Laboratory 
Supplies (England). 
Acridine orange, adonitol, 1 -amino-1 -deoxy-b-D-glucose, D-fructose, 
D-xylose, D-lyxose, D-mannitol, D-galactose, D-arabinose, D-mannose, 
dulcitol, L-arabinose, L-sorbose, L-rhamnose and L-arabinose were 
purchased from ICN Biomedicals Co. (USA). 
Acetic acid (glacial), ethanol, rubidium chloride, sodium carbonate 
anhydrous and sodium hydrogen carbonate were purchased from Merck 
(Germany). 
Acrylamide, ethylenedaminetetraacetic acid, sodium dodecyl sulfate and 
tris(hydroxymethyl)aminomethane were purchased from United States 
Biochemical Co. (USA). 
Ammonium nitrate and salicylic acid were purchased from Fluka Chemie 
(Switzerland). Bovine serum albumin and Folin-Ciocalteu phenol reagent 
were purchased from Bio-rad Laboratories (USA). Barium chloride and 
potassium dichromate were purchased from Peking's Reagent (China). 
Casamino acid and proteose peptone no.3 were purchased from Difco 
Laboratories (USA). D-arabitd was purchased from Nutritional 
(Biochemicals Corporation) (USA). A ,^A/"'-methylene-bis-acrylamide was 
purchased from Mannheim boehringer (Germany). Nitric acid was purchased 
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from May & Baker Inc. (England). SDS-PAGE molecular weight markers 
was purchased from Tropix Bioscience (USA). 
2.4 Recipes 
The media were sterilized by autoclaving at 121°C for 20 minutes. 
1. Luria-Bertani medium, Miller (LB) 
10 g trypton, 5 g yeast extract, 5 g sodium chloride per litre 
2. Luria-Bertani agar, Miller (LB agar) 
15 g agar, 10 g trypton, 5 g yeast extract, 5 g sodium chloride per litre 
3. Gluconate Medium 
21 mM dibasic potassium phosphate, 14 mM monobasic potassium 
phosphate, 23 mM dibasic ammonium phosphate, 0.8 mM ammonium 
sulfate, 1 mM magnesium chloride, 5% sodium gluconate; pH 7.0 
(This medium was filter-sterilized) 
4. Phosphate-based Growth Medium (PBM) 
61 mM dibasic potassium phosphate, 39 mM monobasic potassium 
phosphate, 8 mM ammonium nitrate, 2 mM ammonium sulfate, 1 mM 
magnesium sulfate, 1 i^M ferrous sulfate, lmg/1 calcium chloride, 0.2% 
glucose (autoclaved separately); pH 7.1 
2.5 Equipment 
1. Epi-fIuorescence Microscope connected to a Television 
Nikon Biophot Microscope QS[ikon Microphot V Series) 
Nikon Achromat 0.90 Phase Contrast Turret Condenser 
• 
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Nikon Fluophot Attachment 
Nikon Super High Pressure Mercury Lamp Power Supply HB-202 AN 
National WV-1406N/C TV Camera 
National WV-5410E/C TV Monitor 
2. Inverted Microscope 
Nikon Diaphon-TMD Inverted Microscope 
Nikon LWD 0.52 Phase Contrast Turret Condenser 
Nikon 35 mm SLR Camera 
3. Photomicrographic System 
Olympus BHT-111 Microscope 
Olympus BH2-PC-PB1 Phase Contrast Attachment 
Olympus C-35AD-4 Camera 
Olympus PM-lOAK-1 Photomicrographic System 
4. Slab Gel Apparatus 
Hoefer SE 250 Mighty Small II Slab Gel Unit, Hoefer Scientific 
Instruments 
5. Electrophoresis Power Supply 
Pharmacia Electrophoresis Power Supply EPS 3500, Pharmacia Biotech 
6. Spectrophotometer 
Shimadzu UV-1201 uv-vis Spectrophotometer 
7. High Speed Centrifuge 
Himac CR 20 B2 High Speed Centrifuge, Hitachi 
8. Refrigerated Microcentrifuge 
Eppendorf Centrifuge 5402 
9. Sonicator 
Sonicator Cell Disruptor model W 200R, Heat Systems-Ultrasonics, Lic. 
10. Vortex Mixer * 
Maxi Mix U type 37600 Mixer, Bamstead / Theromlyne 
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3 METHODS 
3.1 Maintenance and Culturation 
3.1.1 Maintenance of Bacterial Strains 
Pseudomonas aeruginosa ATCC 10145 and other mutants were 
maintained by regular plating on LB agar plates. The plates were stored at 
room temperature. Stock culture was lyophilized and stored at room 
temperature and was used to maintain the strain occasionally. 
3.1.2 Seed Culture Preparation 
A single colony ofbacteria from LB agar was inoculated in 20 ml ofLB 
in a 125 ml conical flask. The culture was incubated in a rotary shaker for 18 
h at 32 C shaking at 200 rpm. 
The grown cells were centrifuged at 3,800 x g for 20 min. The cell 
pellet was resuspended in 1 mM sodium phosphate buffer (pH 7.0) with 
OD470 adjusted to approximately 1. The resultant seed culture can be 
inoculated in LB for maintenance or in other defined growth media for further 
experiments. 
3.1.3 Culturation in Defined Growth Media 
0.05 ml of the seed culture from Section 3.1.2 was added to 20 ml of a 
defined growth medium in a 125 ml conical flask. The flask was incubated at 
32°C rotary-shaken at 200 rpm until the culture reached stationary phase. 
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3,2 Bacterial Adhesion and Aggregation Assay Methods 
3.2.1 Bacterial Adhesion on Glass Assay 
3.2.1.1 Preparation of the Adhesion Assay Platform 
Glass microscopic slides (Sail, China) were cleaned by immersing in 
acidified potassium dichromate for 1 h at 100 C. After cooling, the slides 
were washed six times with double-distilled water. They were transferred 
piece by piece to a glass slide holder (staining jar) with a forceps and dried at 
55°C overnight. They were cooled to room temperature before use. 
A glass slide prepared above was taken out of the slide holder with a 
clean dried forceps. A piece of acrylic resin and a rubber sheet with matched 
cuttings, were mounted with clips onto the glass slide to form two quadratic 
wells (2 cm x 2 cm) as shown in Figure 3.2.1. 
Figure 3.2.1 Adhesion Assay Platform 
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The assembled adhesion assay platform was placed with the wells facing 
downwards before the assay to minimize dust contamination. Each platform 
was labeled at the back with a marker. 
3.2.1.2 Culturation of Bacteria 
Pseudomonas aeruginosa was cultured in a defined growth medium as 
mentioned in Section 3.1.3. In the standard assay, bacteria were grown in 
PBM for 32 h. 
3.2.1.3 Washing ofthe Cells 
Bacterial cells were washed to remove the growth medium by 
centrifuging at 3840 x g for 20 min at 20 C and resuspending in suitable 
buffers. In the standard assay, the grown cells were first washed with 10 mM 
potassium phosphate buffer (pH 7.0) and then with water and finally 
resuspended in water. 
3.2.1.4 Cell Dispersion 
The suspended cells were dispersed with a syringe by forcing 10 ml of 
suspension in and out of a syringe 20 times with a needle of 0.65 mm intemal 
diameter. 
3.2.1.5 Cell Pretreatment 
Sometimes, the cells would be pretreated at this stage with proteases or 
underwent other treatments. After pretreatment, the cells would be washed, 
dispersed and resuspended in water. . 
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3.2.1.6 Resuspension of the Cells in the Assay Medium 
OD470 of the cell suspension was adjusted to 0.200 with water. Equal 
volume of 2 x assay medium was then mixed with the diluted cell suspension 
just before the adhesion experiment such that the final bacterial cell 
concentration in the assay medium was 2 x 10^  colony forming units per ml. 
3.2.1.7 Cell-surface Encountering, Non-adhered Cell Removal and Adhered 
Cell Fixation 
Immediately after mixing, 0.7 ml of the assay suspension was pipetted 
into each well of the platform placed horizontally. Adhesion was allowed for 
1 h at room temperature (20°C 2 C). After incubation, non-adhered 
bacteria were removed as follows. The assay suspension was removed by 
inverting the platform. The wells were then flooded with clean assay buffer 
by allowing the buffer to flow gently into the wells from the acrylic resin 
surface. The washing buffer was removed by inverting. Washing was then 
performed twice. The wells were filled with buffer once again and put aside 
to prevent drying while other platforms were being processed. 
After all the surfaces were washed, the buffer in the wells of each 
platform was discarded. 0.4 ml 2.5% glutaraldehyde was added into each of 
the wells. Fixation was allowed for 30 min at room temperature. The 
glutaraldehyde solution was then discarded and washed away with distilled 
water. After air-drying, the platform was dissembled. The adhesion surface 
was then ready for microscopic observation. 
3.2.1.8 Microscopic Counting 
The specimen was examined under a microscope connected to a 
television with a 100 x objective. An area of 0.05 mm x 0.05 mm was 
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counted. The boundary was pre-determined by a hemacytometer and marked 
on the television screen. Ten random fields were selected across the mid-line 
of the surface defined by the well while excluding the region 2 mm from the 
edges. A tetraplicate (four wells) was examined for an assay. The average 
counts were pooled to give the mean reading. The total number of adhered 
bacteria was expressed in number of adhered bacteria per square 
millimeter. The standard deviation was calculated from the mean readings of 
j ‘ 
the four wells. 
3.2.2 Bacterial Adhesion on Plastic Assay 
The procedures for culturation, washing, dispersion, pretreatment and 
resuspension of the cells were similar to adhesion on glass assay. For 
adhesion, 2 ml assay suspension was added into a polystyrene tissue culture 
dish (35 mm, Coming) or a polyethylene Petri dish (30 mm triple vented, 
Sterilin) and incubated for 1 h at room temperature. The assay suspension 
was discarded by inverting. The dish was washed twice by assay buffer and 
then filled with buffer to prevent air-drying while other dishes were being 
processed. Aiter inverting to remove the buffers, 1 ml 2.5% glutaraldehyde 
was added. Fixation was allowed for 30 min at room temperature. The 
glutaraldehyde solution was discarded and removed with distilled water. 
After air-drying, the dish was examined under a microscope connected to a 
television. A duplicate was performed. Twenty random fields of0.05 mm x 
0.05 mm were counted in each dish. 
3.2.3 Bacterial Adhesion under Shear Assay 
« 
The procedures for culturation, washing, dispersion, and resuspension of 
the cells were similar to adhesion on glass assay. 1.2 ml assay suspension was 
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added into a nitric acid-cleaned test-tube (Coming Borosilica Glass 
Disposable Culture Tube 16 x 100 mm) and vortexed at the maximum speed 
by a vortex mixer (Bamstead / Thermolyne Maxi Mix II Type 37600) for 
2 min at room temperature. OD470 of the vortexed mixture was then 
measured. A triplicate was performed for an assay. 
3.2.4 Bacterial Aggregation Examination by Adhesion on Glass Assay 
Standard bacterial adhesion on glass assay was performed using 10 mM 
potassium phosphate buffer (pH 7.0) as standard assay medium. During the 
counting procedure, both the total number of bacteria and the number of 
single bacteria in the field were counted. Percentage of single cells was 
calculated by dividing the total number of adhered bacteria by the number of 
single bacteria. A smaller percentage indicated a higher degree of 
aggregation. 
3.2.5 Bacterial Aggregation Examination by Top-agar Assay 
The procedures for culturation, washing, dispersion, and resuspension of 
the cells were similar to adhesion on glass assay. The cells in the assay 
medium were incubated at room temperature for a defined period. Then the 
assay suspension was gently swirled and an aliquot of 0.1 ml was pipetted out 
for dilution. After performing six ten-fold serial dilutions with sterile assay 
medium, 4 ml molten LB agar (1%) at 55 C was added to the last dilution 
tube containing 4 ml serially diluted cells. 2 ml of the bacterial agar mixture 
was layered on top of an LB agar plate. After the solidification of the top-
agar, the plate was incubated for 24 h at 37°C. The number of colony 
forming units (CFU) in the plate were counted. A triplicate was performed 
for an assay. A smaller CFU indicated a higher degree of aggregation. 
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3.2.6 Bacterial Aggregation Examination by Epi-fluorescence 
Microscopy 
The procedures for culturation, washing, dispersion, and resuspension of 
the cells were similar to adhesion on glass assay. The assay suspension was 
incubated for a defined period at room temperature. Then it was diluted six-
fold with the assay medium. 1 ml of the diluted mixture was filtered across a 
prewetted (0.1% sodium dodecylsulfate) polycarbonate isopore black filter 
membrane (25 mm diameter, 0.2 i^m pore size, Millipore) placed on top o fa 
cellulose nitrate filter membrane (25 mm diameter, 0.2 [im pore size, Micro 
Filtration System) by a filtering device connected to a vacuum pump. The 
isopore membrane was immersed in 2.5% glutaraldehyde for 30 min at room 
temperature. After washing gently in water, it was stained in 0.01% acridine 
orange for 2 min. Then it was washed and placed on a microscopic slide with 
the bacteria-adhering surface facing upwards and air-dried. The specimen 
was mounted in anti-fading mounting reagent (prepared by mixing glycerol 
9:1 (v/v) with 2% 1,4-diazabicyclo-[2,2,2]octane and 0.02% sodium azide in 
1 M Tris-HCl, pH 7.5) and viewed under an epi-fluorescence microscope 
connected to a television. Percentage of single cells was calculated by 
dividing the total number of adhered bacteria by the number of single bacteria 
in twenty random fields of 0.05 mm x 0.05 mm. 
3.2.7 Bacterial Aggregation Screening Test 
The procedures for culturation, washing, dispersion, and resuspension of 
the cells were similar to adhesion on glass assay. 1 ml assay suspension was 
incubated in a well of a 24-well tissue culture dish (Coming, 16 mm 
diameter). Aggregation was examined witH naked eyes after 1 h mild-stirring 
at 100 rpm. 
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3.3 Determination of the Effects of Various Factors on Adhesion 
and Aggregation 
Experiments were performed generally according to bacterial adhesion 
on glass assay mentioned in Section 3.2.1 and cell aggregation examination 
mentioned in Section 3.2.4 with modification on growth conditions, cell 
pretreatments and assay conditions. The effects of these factors were 
determined by comparing with appropriate controls. 
3.3.1 Culturation Period 
Pseudomonas aeruginosa ATCC 10145 was cultured as mentioned in 
Section 3.1.3 in PBM in a series of flasks. Cell suspension was taken out at 
4 h intervals from 12 to 72 h of growth for OD470 measurement and bacterial 
adhesion assays. 
3.3.2 Osmotic Shock during the Washing Procedure 
The effects of using-distilled water to suspend the cells were tested as 
follows. After cell harvesting, the cells were washed sequentially either in 
lOmM potassium phosphate buffer (pH 7.0) and water or potassium 
phosphate buffer (pH 7.0) supplemented with 9% sucrose and then 9% 
sucrose. After dispersing the cells, adhesion on glass assays were performed 
in assay media supplemented with 9% sucrose. 
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3.3.3 Growth Media 
Pseudomonas aeruginosa ATCC 10145 was grown respectively in 
PBM, PBM supplemented with 0.4% casamino acids, PBM supplemented 
with 0.4% yeast extract and LB until stationary phase. Bacterial adhesion on 
glass assays were performed accordingly. 
3.3.4 Assay Conditions 
Experiments were performed generally according to the cell aggregation 
examination mentioned in Section3.2.4. By varying the constituent in the 
assay media, effects of various chemicals on bacterial adhesion and 
aggregation were investigated. Groups of chemicals tested included different 
kinds ofbuffers, electrolytes, cation chelators, sugars, and amino acids. 
3.3.5 Cell Pretreatments 
Bacterial cells were modified by one of the following treatment 
processes. After treatments, they were washed dispersed and resuspensed in 
water. Adhesion on glass assays were then performed accordingly. 
3.3.5.1 Cation Chelation treatment 
Bacterial cells were incubated with 1 mM ethylenediaminetetraacetic 
acid (EDTA) or 1 mM ethyleneglyco-bis(P-aminoethyl ether)-7V;JV'-
tetraacetic acid (EGTA) for 15 min at room temperature. Chelated metal 
ions were replenished in some tests by a further 15 min incubation in 5 mM 
calcium chlorides. In some tests, EDTA qr EGTA were added directly into 
the assay media. 
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3.3.5.2 Protease treatment 
Bacterial cells were incubated with proteases for a defined period at 
37°C. In some experiments, the assay media was supplemented with 
externally added proteins to see if there were recovery responses. 
3.3.5.3 Acid or base treatment 
Bacterial cells were incubated in 0.1 M hydrochloric acid or 0.1 M 
sodium hydroxide for 20 min at 4°C. 
3.3.5.4 Heat treatment 
Bacterial cells were heated at 100°C for 5 min. 
3.3.5.5 Extensive Washing 
Extensive washing was done after the standard washing and dispersion 
steps mentioned in Section 3.2.1.3 and Section 3.2.1.4. Two more rounds of 
washing in distilled water and dispersion were conducted. 
3.4 Isolation of Aggregation-deficient Mutants 
Aggregation-deficient mutants of Pseudomonas aeruginosa 
ATCC 10145 were enriched by selecting for slower-sedimenting cells by a 
modified procedure as described by McNab and Jenkinson (1992). 
Pseudomonas aeruginosa was cultured in PBM as mentioned in 
Section 3.1.3. Bacterial cells were harvested and resuspended in 10 mM 
potassium phosphate buffer (pH 7.0) aseptically. The suspension was shaken 
vigorously and allowed to settle for 1 day at room temperature during which 
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most bacteria flocculated and the slower-sedimenting cells were left in the 
surface suspension. 0.05 ml surface portion of the undisturbed culture was 
used to inoculate fresh PBM. Three successive subculturations were 
performed. Finally the surface portion of the last culture was serially diluted 
and spread onto LB agar plates. The plates were incubated for 24 h at 37°C. 
Individual colonies were picked out and subcultured on new LB plates. The 
plates were incubated for 24 h at 37 C. The isolated individual colonies were 
picked out and inoculated into securely-capped sterile 16x100 mm glass test-
tubes containing 2 ml fresh PBM, and these were grown for 32 h at 32°C 
rotary-shaken at 240 rpm. The culture media were then screened for 
dispersed rather than flocculated cells. 
3.5 Outer Membrane Protein Profiles 
3.5.1 Isolation of Outer Membrane Fraction 
Outer membranes of Pseudomonas aeruginosa were isolated according 
to the procedure ofMasuda et al. (1995). Bacteria was grown in PBM or LB 
to late-log phase. 200 ml cell suspension was centrifuged at 8,000 x g for 
10 min at 4°C. The cells were washed and resuspended in 30 mM Tris-HCl 
(pH 8.0). The cell suspension was incubated in an ice bath and sonicated 
with the highest power by Sonicator Cell Disruptor (Model W 200R, Heat 
Systems-Ultrasonics, Inc.) for 2-3 min. Unbroken cells were then removed 
by centrifugation at 8,000 x g for 10 min at 4 C. Cell membranes in the 
supematant was precipitated by centrifugation at 100,000 x g for 1 h at 4°C. 
The pellet was then dispersed by brief sonication in water. After that, the 
dispersed pellet was incubated in 1% sodium A^-lauroylsarcosinate for 30 min 
at 30 C to dissolve the inner membranes. The outer membranes were pelleted 
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by centrifuging the resulting mixture at 18,000 x g for 40 min at 20T. The 
pellet was then redispersed in 0.5% sodium iV-lauroylsarcosinate and 
centrifuged at 18,000 x g for 40 min at 20 C. The outer membrane pellet 
was resuspended in water and centrifugation at 100,000 x g for 45 min at 
4°C. This washing procedure was repeated twice. The isolated outer 
membranes were stored at -20°C. 
3,5.2 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 
The isolated outer membranes were resuspended in water and its protein 
content were determined. After appropriate dilution the outer membranes 
were solubilized in 0.125 M Tris-HCl (pH 6.8) containing 1 mM 
dithiothreitol, 2% sodium dodecylsulfate, 10% glycerol, 0.001% 
bromophenol blue and 0.5 mgAnl protein (final concentration) at 100°C for 
5 min. A discontinuous gel system (6 cm resolving gel and 1 cm stacking gel 
in 1 mm thick) was set up with a slab gel apparatus according to the modified 
Lugtenberg system (Lugtenberg et al., 1975) as described in Hancock and 
Carey (1979). Resolving gel solution contained 13.7% acrylamide, 0.3% 
A/;A/'-methylene-bis-acrylamide, 0.1% sodium dodecylsulfate, 0.05% 
ammonium persulfate, 0.05% A/;iV,A '^,A '^-tetramethylethylenediamine, 0.07 M 
sodium chloride and 0.375 M Tris-HCl (pH 8.8). Stacking gel solution 
contained 4% acrylamide, 0.1% A^,iV'-methylene-bis-acrylamide, 0.1% sodium 
dodecylsulfate, 0.05% ammonium persulfate 0.05% N’N N ’N’-
tetramethylethylenediamine and 0.125 M Tris-HCl (pH 6.8). After complete 
polymerization of the acrylamide gel, 10 i^l of solubilized outer membranes or 
molecular weight markers in sample buffer was applied to the wells. 
Electrophoresis was performed at 25 mA with 180 V maximum voltage 
against a Tris-glycine buffer (0.1% sodium dodecylsulfate, 0.19 M glycine, 
0.025 M Tris, pH 8.3) with cooling at 10°C. Electrophoresis was stopped 
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after 90 min at which the tracking dye just passed into the lower tank buffer. 
After electrophoresis, the gel was rinsed with distilled water. Zinc staining 
was performed as described by Ortiz et al. (1992). Accordingly, the rinsed 
gel was shaken gently in 0.2 M imidazole containing 0.1% sodium 
dodecylsulfate for 15 min and then transferred into 0.1 M zinc sulfate for 
reverse staining. Transparent bands appeared within 5-20 second against a 
white background. Reaction was stopped by immersing the gel in distilled-
water. Finally, photograph of the gel was taken by placing the gel on a piece 
of glass several centimeters above a black cardboard and illuminated with 
light from the side. 
3.6 Determination of the Mobility of the Bacteria on Surfaces 
3.6.1 Subsurface Twitching Assay 
The pili-elicited twitching mobility of P. aeruginosa was determined by 
subsurface twitching assay according to McMichael (1992) with slight 
modifications. A single colony of P. aeruginosa was inoculated at the agar-
Petri dish interstitial surface with a needle plunging through the agar (LB agar 
supplemented with 20 mM potassium nitrate). The bacteria was grown for 
24 h at 37 C in a polystyrene tissue culture dish (100 mm. Corning). 
Colonies grown at the agar-air interface were removed and the agar surface 
was washed with 70% ethanol and then with water. A piece of Whatman no. 
1 filter paper was laid on the agar surface. Several layers of paper towels 
were then laid on the filter paper. The agar was pressed by a weight on the 
top. The paper towels were changed every ten minutes until most of the 
water was pressed out from the agar. When the agar was reduced to a thin 
film the twitching zones were stained with 0.5% Coomassie blue 
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R250 dissolved in an aqueous solution containing 40% (v/v) methanol and 
10% (v/v) acetic acid. Following incubation for 5 min, the excess stain was 
removed by several washes with an aqueous solution of 40% methanol and 
10% acetic acid. 
3.6.2 Soft-agar Swarm Assay 
The mobility of bacteria due to flagella was determined by soft-agar 
swarm assay as described by Darzins (1994). P. aeruginosa originally in 
suspension was inoculated on agar surface with a toothpick at the middle of a 
100 mm culture dish containing 0.3% LB agar. The dish was then incubated 
at 37 C with the lid upwards. The size of the colony was measured after 
certain incubation period. 
3.7 Detection of Alginate Production 
3.7.1 Extraction of Alginate from Spent Growth Medium 
Pseudomonas aeruginosa was grown in LB ovemight at 32°C. 0.05 ml 
culture suspension was inoculated in 100 ml gluconate medium in a 500 ml 
conical flask. The flask was incubated for 72 hours at 26X shaking at 
200 rpm. This medium had been shown to stimulate alginate production (Fett 
and Wijey, 1995). Alginate was extracted as described in May and 
Chakxabarty (1994). Accordingly, the cells were removed from the growth 
medium by centrifuging at 6,800 x g for 20 min at 4°C. Three parts ice-
cooled 95% ethanol was added to the cell-free spent medium and the mixture 
A 
was then centrifuged at 6,800 x g for 20 min at 0°C. After discarding the 
supematant, the pellet was washed twice with ice-cooled 95% ethanol and 
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once with absolute ethanol. The pellet was then dried under vacuum, 
redissolved in water and dialysed extensively against water at 4 C. Finally, the 
dialysate was lyophilized and saved for alginate determination. 
3.7.2 Releasing Cell Surface-associated Alginate 
Pseudomonas aeruginosa was cultured in PBM for 32 h as mentioned in 
Section 3.1.3. Bacterial cells were harvested by centrifuging at 3,840 x g for 
20 min at 20 C. The cells were washed sequentially in 10 mM potassium 
phosphate buffer (pH 7.0) and water by centrifugation and resuspension. 
They were finally resuspended in 5 ml water. The suspended cells were 
dispersed with a syringe by forcing the suspension in and out of a syringe 
20 times with a needle of0.65 mm internal diameter. The OD470 of the cell 
suspension was adjusted to 1.0. Part of the dispersed cell suspension was 
centrifuged at 100,000 x g for 5 min and the resultant supematant was saved 
for alginate determination. Another part was treated with 1 mg/ml pronase E 
for a defined period at 37 C before removing the cells by centrifugation at 
100,000 X g for 5 min. 0.5 g ammonium sulfate was dissolved in the 
supernatant and the solution mixture was left for 2 h at 4°C. Precipitated 
pronase was then removed by centrifugation at 4°C. The supernatant was 




3,8 Other Assav Methods 
3.8.1 Protein Assay 
Protein concentration was determined as described by Lowry et al. 
(1951). Working reagent A was prepared fresh by mixing one part ofO.5% 
copper sulfate in 1% sodium tartrate with fifty part of 2% sodium carbonate 
i > 
in 0.1 M sodium hydroxide. 0.50 ml sample was mixed with 2.50 ml working 
reagent A and allowed to stand for 10 min at room temperature. 0.25 ml 
Folin-Ciocalteu phenol reagent was added and the mixture was vortexed 
immediately. Absorbance at 750 nm was read after 30 min. Protein 
concentration was determined using bovine serum albumin as standard. 
3.8.2 Carbohydrate Determination 
Standard phenol-sulfuric acid assay was performed according to Chaplin 
(1986). 200 |Lil sample was mixed with 200 \i\ 5% aqueous phenol. 1.00 ml 
concentrated sulfuric acid was added directly to the solution. The mixture 
was left for 10 min at room temperature before shaking vigorously. 
Absorbance at 490 nm was measured after a further 30 min. Sugar 
concentration was determined from a standard curve of glucose ranging from 
5-300 i^g/ml. 
3.8.3 Alginate Determination 
Carbazole assay was performed according to May and Chakrabarty 
(1994). A borate solution was prepared fresh by mixing a stock solution of 
0.4 M sodium tetraborate 1:40 (v/v) with concentrated sulfuric acid. 100 ^ il 
ice-cooled alginate sample was layered on top of 900 }il ice-cooled borate 
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solution. The mixture was vortexed for 4 s and immediately retumed to the 
ice bath. 20 i^l of freshly prepared ice-cooled carbazole solution (0.1% w/v in 
absolute ethanol) was then layered on top of the mixture. The reaction 
mixture was cooled, vortexed for 4 s, and retumed to the ice bath until all the 
samples were processed. The reaction mixture was heated for 30 min at 55°C 
to develop the color. Absorbance at 530 nm was measured. Uronic acid 
concentration was determined from a standard curve of seaweed alginate 




4.1 Standardization of the Assavs for Bacterial Adhesion and 
Aggregation 
4.1.1 Effects of Cell Density and Exposure Time on the Number of 
Adhered Bacteria Detected in Bacterial Adhesion on Glass 
Assay 
Since cell density and exposure time have great influences on bacterial 
adhesion, they were first investigated in the development ofbacterial adhesion 
on glass assay. Appropriate cell density and exposure time were then chosen 
for later experiments. In the first trial, the assay was performed as mentioned 
in Section 3.2.1 with cell densities ranging from 2.3 x 10^  to 2.3 x lO^CFU 
per ml in 0.1 M potassium phosphate buffer (pH 7.0). The one-hour 
exposure time was arbitrarily chosen. The level of adhesion was proportional 
to cell density (Figure 4.1.1). No saturation was observed within the cell 
density range tested. Cell density at 2 x 10® CFU per ml was chosen as the 
standard in later experiments. 
Secondly bacterial adhesion on glass as a function of time in 0 1 M 
potassium phosphate buffer (pH 7.0) was also determined using the chosen 
cell density. The number of adhered bacteria increased proportionally with 
time within the first hour of exposure O i^gure 4.1.2). The initial adhesion rate 
was determined to be 2.8 x 10^  celis/mm^/h. The rate of adhesion decreased 
gradually after one hour and did not reach equilibrium after three hours. One 
hour was chosen as conventional incubation time in later experiments. 
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Figure 4.1.1 Effects ofCell Density in the Assay Medium on the 
Adhesion ofPseudomonas aeruginosa ATCC 10145 on 
Glass 
Adhesion on glass assays were performed as mentioned in Section 3.2.1 with 
cell densities ranging from 2.3 x 10^  to 2.3 x 10^  CFU per ml in 0.1 M 
potassium phosphate buffer (pH 7.0) for 1 h. (Each point represents the 
average count o f4 wells; error bar defines the maximum and minimum counts 














































































































































































Figure 4.1.2 Adhesion of Pseudomonas aeruginosa ATCC 10145 on 
Glass as a Function of Time 
Adhesion of Pseudomonas aeruginosa ATCC 10145 on glass as a function of 
time were determined by bacterial adhesion on glass assay from 0 to 3 h in 
0.1 M potassium phosphate buffer (pH 7.0) containing 2 x 10^  cells/ml as 
mentioned in Section 3.2.1. (Each point represents the average count of 4 
wells; error bar defines the maximum and minimum counts of the 4 wells each 
being the average of 10 sampling fields; number of trials=2. Least square fit 
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4.1.2 Characterization of Bacterial Aggregation by Different 
Examination Methods 
Pseudomonas aeruginosa ATCC 10145 was not observed to aggregate 
in distilled water but aggregation was observed in some buffers. So more 
detail examinations were conducted and it was found that when incubated 
statically in 10 mM potassium phosphate buffer (pH 7.0) for 1 h at room 
temperature, clusters with not more than fifty bacteria appeared. On the 
other hand, aggregation was not observed in 0.1 M potassium phosphate 
buffer (pH 7.0) as revealed in bacterial adhesion on glass assay. (Figure 4.1.3) 
Among the clusters induced by 10 mM potassium phosphate buffer (pH 
7.0) certain number of non-aggregated single cells were also present. These 
were exploited for the quantification of the degree of aggregation as 
mentioned in Section 3.2.4. Bacterial aggregation was also examined by top-
agar assay (Section 3.2.5) and epi-fluorescence microscopy (Section 3.2.6). 
In order to evaluate the ability of these assays in quantifying aggregation, 
their respective determined quantities as a function of exposure time in both 
10 mM and 0.1 M potassium phosphate buffer (pH 7.0) were put together for 
comparison (Figure 4.1.4). 
Aggregation was shown to be inversely related to the percentage of 
single cells on the glass surface as examined by adhesion on glass assay 
(Figure 4.1.4a). Percentage of single cells in 10 mM potassium phosphate 
buffer (pH 7.0) decreased from 66% to 13% between 10 and 60 min. Within 
the same period, the percentage of single cells in 0.1 M potassium phosphate 
buffer (pH 7.0) decreased from about 85% to 50%. During the second hour, 
only a further 5% drop was observed in each condition. 
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Figure 4.1.3 Aggregation Patterns of Pseudomonas aeruginosa 
ATCC 10145 on Glass in 10 mM and 0.1 M Potassium 
Phosphate Buffer (pH 7.0) 
Adhesion on glass assays were performed in (a) 10 mM and (b) 0.1 M 
potassium phosphate buffer (pH 7.0) for 1 h as mentioned in Section 3.2.1. 
The aggregation patterns were photograph with a 40 x objective. The bar 




Figure 4.1.4 Aggregation of Pseudomonas aeruginosa ATCC 10145 as a 
Function of Time Determined by Different Methods 
Bacteria suspended in 10 mM ( ~ • ~ ) and 0.1 M ( - - • - ) potassium 
phosphate buffer (pH 7.0) were prepared as mentioned in the standard 
bacterial adhesion on glass assay. The assay suspensions were incubated 
statically. The degrees of aggregation were examined from 0 to 2 h of 
incubation by (a) adhesion on glass assay, (b) top-agar assay, and (c) epi-
fluorescence microscopy and the time profiles were plotted. (The details of 




The top-agar assay (Figure 4.1.4b) revealed that aggregation was 
negatively correlated with the number of CFU per ml in the assay suspension. 
In 10 mM potassium phosphate buffer (pH 7.0), the determined number 
decreased from 2 x 10^  to 1 x 10^  CFU per ml hyperbolically within the 
first hour. On the other hand, the number of CFU in 0.1 M potassium 
phosphate buffer (pH 7.0) remained more or less constant at 2 x 10^  CFU per 
ml within 90 min of the experiment. 
The percentage of single cells collected on the filter membrane had an 
inverse relationship with aggregation as revealed by epi-fluorescence 
microscopy (Figure 4.1.4c). In 10 mM potassium phosphate buffer (pH 7.0) 
this percentage decreased gradually from 40% to about 13% in the first hour 
and to 10% by the end of the second hour. In 0.1 M potassium phosphate 
buffer (pH 7.0), the percentage fluctuated between 20% and 40% during the 
two-hour incubation period. 
These three methods produced time profiles with similar trends but 
different amplitudes. Bacterial adhesion on glass assay, being the most 
superior one, was chosen to be the standard assay method for bacterial 
aggregation in later experiments. 
4.1.3 Effects of Culturation Period on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
The level of adhesion for the grown cells on glass in 10 mM potassium 
phosphate buffer (pH 7.0) at 4 h intervals from 12 to 36 h of growth are 
shown in Figure 4.1.5. During the log phase (12 - 30 h), adhesion on glass 
increased almost proportionally with time., As the growth stepped into the 
stationary phase, the level of adhesion began to decline. 
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Figure 4.1.5 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 as a Function of Culturation Period 
Pseudomonas aeruginosa ATCC 10145 was grown in PBM under the 
conditions mentioned in Section 3.1.3. (a) The level of adhesion on glass and 
(b) the percentage of single cells for cells growing for 12 to 36 h were 
determined by bacterial adhesion on glass assay in 10 mM potassium 
phosphate buffer (pH 7.0) (Section 3.2.1). An aliquot of each culture 
suspension was dispersed by sonication. The cell density of the dispersed 
culture suspension was determined by measuring the absorbance at 470 nm 
which was converted to CFU per ml by a predetermined calibration curve. 
The growth curve (c) was then plotted. (Each point in (a) and (b) represents 
the average count of 4 wells; error bar defines the maximum and minimum 





Percentage of single cells decreased from 30% to about 15% during the 
log-phase. The percentage remained more or less constant (11%) in the 
stationary phase. From these results, the culturation period of Pseudomonas 
aeruginosa in later experiments was refined to 32 h. 
4.1.4 Effects of Osmotic Shock during Washing on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 
Since washing of the cells in phosphate buffer might induce aggregation, 
attempts were made to wash the cells in distilled water. It was found that the 
cells seemed not to be adversely affected. The cells appeared energetic and 
no cell lysis was observed as revealed under the microscope. In order to 
further investigate the effects of this washing procedure on adhesion and 
aggregation, two types of washing solutions were compared. The first type 
used the standard washing solutions. The second type were supplemented 
with 9% sucrose to make them isotonic with PBM (water activity was 
calculated to be about 0.995). Adhesion on glass assay was also conducted in 
the presence of 9% sucrose to minimize osmotic shock. The results are 
shown in Table 4.1.1. The standard washing procedure resulted in a slightly 
higher level of adhesion than the sucrose washing procedure and the 
determined degrees of aggregation were found to be similar. No significant 
, t 
differences were observed in the levels of adhesion and the degrees of 
aggregation in 9% sucrose between both procedures. 
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Table 4.1.1 Effects of Sucrose in Washing Solution on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 
Washing solution Assay No. of adhered bacteria Percentage of 
first second medium per sq. mm (xlQOQ)* single cells (%)* 
~ K P t water ^ 48.7±6.9 17.2 1.9 
KP water sucrose+KP 37.2 7.0 20.4 2.9 
sucrose+KP sucrose J sucrose+KP 25.6 4.9 20.6 2.6 
KP water water 2.1 0.7 65.2 21.0 
KP water sucrose 13.5 2.1 49.6 2.0 
sucrose+KP sucrose sucrose 11.3 1.9 46.7 3.3 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields counted, n=l 
•• 10 mM potassium phosphate buffer (pH 7.0) 
J 9% sucrose 
4.1.5 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 as a Function of Time under the Standard Assay 
Condition 
Figure 4.1.6a shows bacterial adhesion on glass as a function of time in 
10 mM potassium phosphate buffer (pH 7.0). The number of adhered 
bacteria increased proportionally with time within the first hour of incubation. 
The initial adhesion rate-was determined to be 5.5 x 10^  cells/mmVh. The 
rate of adhesion decreased gradually after one hour and did not reach 
equilibrium after three hours. Figure 4.1.6b shows percentage of single cells 
as a fiinction of time. The percentage decreased to about 13% within the first 
hour in a hyperbolic manner. After one hour, the rate of decline became 
slower and about 5% single ceUs remained after three hours. 
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Figure 4.1.6 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 as a Function of Time under the Standard 
Assay Condition 
Standard bacterial adhesion on glass assay (Section 3.2.1and Section 3.2.4) 
were conducted in 10 mM potassium phosphate buffer (pH 7.0). (a) 
Adhesion and (b) aggregation were examined from 0 to 3 h of incubation by 
adhesion on glass assay. The results (—•—) were obtained from two 
separate experiments. Other experimental results under the standard 




4.1.6 Consistency of Bacterial Adhesion on Glass Assay 
In order to evaluate the consistency of the standard bacterial adhesion 
on glass assay, the results from nineteen independent experiments were 
analyzed by statistical means. All tests were performed under the standard 
condition as mentioned in Section 3.2.1 using 10 mM potassium phosphate 
buffer (pH 7.0) as standard assay medium. The determined number of 
adhered bacteria and percentage of single cells in nineteen separated tests are 
presented in Figure 4.1.7a, b. The average level of adhesion for 
Pseudomonas aeruginosa ATCC 10145 incubated in 10 mM potassium 
phosphate buffer (pH 7.0) for 1 h was 5.34 x 10^  6.8 x 10^  cells/mm^ 
(standard percentage deviation = 12.8%) and the average percentage of single 
cells determined under the same condition was 14.6% 1.90/^ > (standard 
percentage deviation = 13.0%). All the determined values for adhesion fell 
within 2 x standard deviation limits. For the percentage of single cells, three 
points just exceeded 2 x standard deviation limits. 
« 
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Figure 4.1.7 Quality Control Charts of Bacterial Adhesion on Glass 
Assay 
Nineteen independent adhesion on glass assays were performed under 
standard conditions for Pseudomonas aeruginosa ATCC 10145 in 10 mM 
potassium phosphate buffer (pH 7.0) as mentioned in Section 3.2.1. The 
values of (a) the number of adhered bacteria per square mm and (b) 
percentage of single cells were plotted in two charts respectively. The solid 
line ( ) represents the Mean and the dotted lines ( ) defined the Mean 




































































































































































































































































































































































4,2 Effects of Growth Media on Adhesion and Aggregation of 
Pseudomonas aerupinosa ATCC 10145 
Adhesion and aggregation for cells grown in media differed mainly in 
their source of nitrogen were compared. The results indicated that 
percentage of single cells was significantly higher when the bacteria were 
grown in LB. On the other hand, supplementation of casamino acid or yeast 
extract to PBM only produced small differences (Table 4.2.1). 
Table 4.2.1 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 Grown in Various Media 
Growth No. of adhered bacteria Percentage of 
medium per sq. mm (xlOOO)* single cells (%)* 
PBM 61 .8 i0 .8 16.1 ± 1.2 
PBM + 0.2% casamino acid 64.2 4.4 20.4 1.3 
LB 51.2 0.9 37.9 2.4 
PBM + 0.4% casamino acid 38.5 2.3 22.8 2.1 
PBM + 0.4% yeast extract t 46.5 1.4 18.5 ±2.1 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields 
counted, n=l 
t PBM without ammonium sulfate and ammonium nitrate but supplemented 
with 0.4% casamino acid 
t PBM without ammonium sulfate and ammonium nitrate but supplemented 
with 0.4% yeast extract 
4.3 Adhesion and Aggregation of Pseudomonas aerupinosa 
ATCC 10145 in Different Assay Media 
4.3.1 Effects of Various Buffers on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
« 
Two types of buffers were tested. The first type was the phosphate 
buffers and the second type was the cationic buffers. As shown in Table 
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4.3.1 all the buffers except cyclohexylammonium phosphate, resulted in 
similar levels of adhesion and aggregation. Incubation in the cationic buffers 
produced slightly lower (median=11.6%) percentages of single cells as 
compared with equi-molar concentration (10 mM) of phosphate buffers 
(median=15.8%). A dramatically higher (59%) percentage of single cells was 
observed in cyclohexylammonium phosphate and the level of adhesion was 
also lower (by 40%). 
Table 4.3.1 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 in Various Buffers 
Buffer (pH 7.0) No. of adhered bacteria Percentage o f ~ 
per sq. _(x lOOO)* single cells (%)* 
lOmM potassium phosphate 63.7 5.5 14.4 1.1 
lOmM sodium phosphate 64.5 4.1 15.8 2.0 
lOmM ammonium phosphate 59.3 3.2 17.6 2.4 
lOmM cyclohexylammonium phosphate 38.1 2.0 59.1 8.8 
lOmM triethanolamine-HCl 65.9 5.8 11.0 2.2 
lOmM Tris-HCl 67.1 6.6 11.8 0.7 
lOmM Imidazole-HCl 64.4 4.6 11.6 1.7 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields counted, n=l 
4.3.2 Effects of pH on Adhesion and Aggregation of Pseudomonas 
aeruginosa ATCC 10145 
Adhesion assays were performed in 10 mM Tris-acetate buffer with pH 
ranging from 4.4 to 9.2. The pH profiles in Figure 4.3.1a, b showed that the 
effects on adhesion and aggregation were insignificant within the pH range 
tested. Adhesion and aggregation were only slightly affected at pH 4.4. 
« 
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Figure 4.3.1 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 between pH 4.4-9.2 
(a) Adhesion and (b) aggregation of Pseudomonas aeruginosa ATCC 10145 
were examined by adhesion on glass assay under standard conditions in 
10 mM Tris-acetate buffer with pH ranging from 4.4-9.2. (Each point 
represents the average count of 4 wells; error bar defines the maximum and 
minimum counts of the 4 wells each being the average of 10 sampling fields; 














































































































































































4.3.3 Effects of Various Electrolytes on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
Adhesion and aggregation of Pseudomonas aeruginosa ATCC 10145 in 
different kinds of electrolytes were assessed by bacterial adhesion on glass 
assay. Various monovalent and divalent metal chlorides and sulfates were 
tested. The results presented in Table 4.3.2 are sub-divided into five groups. 
Group A consists of potassium phosphate buffer (pH 7.0) (standard), 
triethanolamine-HCl (pH 7.0) (control) and alkaline metal chlorides in 10 mM 
concentration. The group is characterized by the small (7.9% - 13.7%) 
percentages of single cells. Addition of sodium, potassium or rubidium 
chloride into the triethanolamine buffer did not affect percentages of single 
cells significantly. In contrast, the percentage in cesium chloride was 
exceptionally small (7.9%). 
Group B and C consists respectively 5 mM and 10 mM divalent metal 
chlorides. The concentration of chloride ions in group B electrolytes is the 
same as that of the alkaline metal chloride solutions in group A and the 
concentration of cations is one-half. Likewise, the concentration of chloride 
ions in group C doubles that in group A and the concentrations of cations are 
identical. Comparing the percentage of single cells among these groups, it 
was found that divalent cations in both concentrations decreased the rate of 
aggregation. Concentration effects were not obvious within this 
concentration range. 
The rate of aggregation for divalent cations at 10 mM followed this 
order: Ba + < Mn + < Zn + < Mg2+ < Ca +. Barium chloride was shown to 
have seven times higher percentage of single cells in the medium comparing 
with the control while the percentage was only double in calcium chloride. 
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Table 4.3.2 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 in Various Electrolyte Solutions 
Metal salts No. ofadhered bactena Percentage o f “ 
per sq. mm (xlOOO)* single cells (%)* 
(A) l O m M K P t 54.2 9.8 13.7 2.9 
l O m M T E A t 56.8 4.4 11.0 2.2 
lOmMNaCl 53.3 2.8 12.5 1.3 
lOmMKCl 59.6 2.6 10.5 0.7 
lOmMRbCl 63.2 4.1 10.5 1.2 
lOmMCsCl 60.0 1.5 7.9 0.5 
(B) 5mMMgCk 50.8 0.8 34.4 1.7 
5 mM CaCl2 57.4 2.8 24.9 ±1.2 
5mMBaCh 41.5 1.7 72.7 4.1 
5 mMMnCk 33.7 1.5 60.9 ±4.9 
5mMZnCk 44.8 4.0 51.1 ±7.5 
(C) lOmMMgCb 52.8 4.8 32.4 2.5 
10 mM CaCh 47.1 2.6 26.6 2.2 
lOmMBaCh 41.9 1.1 74.7 4.6 
lOmMMnCb 37.4 0.7 51.6 3.3 
lOmMZnCk 54.2 4.9 52.0 5.7 
(D) 0.2MKC1 44.9 2.6 55.9 7.1 
O.lMKCl 43.6 2.2 49.9 7.6 
20 mM KC1 64.5 2.8 22.4 1.6 
lOmMKCl 59.6 2.6 10.5±0.7 
0.1MK2SO4 42.0 1.0 65.0 5.1 
50mMK2S04 40.7 1.7 53.3 1.3 
10mMK2SO4 - 54.7 3.9 15.2 2.0 
5mMK2S04 55.3 4.8 13.2 1.3 
(E) 5mMMgS04 49.4 2.9 33.9 2.4 
5mMMnS04 44.2 3.9 75.0 3.2 
5 mMZnS04 55.1 3.1 24.1 2.4 
5 mM CuS04 50.9 4.6 45.9 4.6 
lOmMMgSO4 44.4 2.3 43.5 1.2 
lOmMMnSO4 42.0 4.4 72.4 2.6 
lOmMZnSO4 50.4 2.2 51.1 2.8 
10 mM CuS04 48.7 7.1 48.3 8.0 
10mMBaQ<[O3)2 40 5 3.3 78.2 16 
* value expressed as Mean SD ot 4 wells, each with 10 sampling fields 
counted, n=l 
potassium phosphate buffer (pH 7.0) 
J triethanolamine-HCl (pH 7.0), all salt solutions were buffered 
with 10 mM TEA ‘ 
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The level of adhesion and the degree of aggregation in potassium 
chloride and potassium sulfate with corresponding ionic strength are 
summarized in group D. The results are also presented diagrammatically in 
Figure 4.3.2. Within the concentration range tested (0.01 to 0.2 M, with 
respect to potassium chloride), no significant differences in adhesion and 
aggregation between chloride ions and sulfate ions with the same ionic 
strength were detected. 
In group E, the results of 5 mM and 10 mM divalent metal sulfate and 
10 mM barium nitrate are shown. Reduced aggregation was also observed in 
this group. Comparing the percentages of single cells in magnesium, zinc and 
manganese sulfates with their corresponding chlorides, no definite 
relationship was found. However, by excluding the value of 5 mM zinc 
sulfate, the rate of aggregation can be easily sequenced as Ba:+ < Mn^^  < Zn + 
< Cu2+ < Mg2+, which is strikingly similar to the results obtained in group B 
and C. 
The correlation between aggregation and adhesion on glass was 
investigated by plotting the values in Table 4.3.2 in a scattered plot (Figure 
4.3.3). A linear relationship between number of adhered bacteria and 
percentage of single cells was discovered. An increase in the degree of 
aggregation is correlated to an increase in the level of adhesion on glass. 
• 
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Figure 4.3.2 Comparison of Adhesion and Aggregation of Pseudomonas 
aeruginosa ATCC 10145 in Potassium Chloride and 
Potassium Sulfate 
(a) Adhesion and (b) aggregation of Pseudomonas aeruginosa ATCC 10145 
were examined by adhesion on glass assay under standard conditions in 
10 mM triethanolamine-HCl (pH 7.0) supplemented with 0.01-0.2 M 
potassium chloride ( ~ ~ • ~ ) and 0.005-0.1 M potassium sulfate ( - - • - - ) . 
The x-axis at the top is the concentration of potassium sulfate in a scale 
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Figure 4.3.3 Scattered Plot ofthe Number of Adhered Bacteria against 
Percentage of Single Cells for Pseudomonas aeruginosa 
ATCC 10145 Suspended in Various Electrolyte Solutions 
Adhesion on glass assays were performed for Pseudomonas aeruginosa 
ATCC 10145 suspended in different electrolytes buffered with 10 mM 
triethanolamine-HCl (pH 7.0) under standard conditions. Respective readings 
for the number ofadhered bacteria per square mm and percentage ofsingle 
cells in each row ofTable 4.3.2 were expressed in the scattered plot. Linear 
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4.3.4 Concentration Effects of Monovalent and Divalent Cations on 
Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 
Suspending in sodium, potassium or ammonium chloride made little 
difference for the adhesion and aggregation of Pseudomonas aeruginosa 
ATCC 10145 within the concentration range tested. The levels of adhesion 
on glass were not much responsive to electrolyte concentrations (Figure 
4.3.4a). Percentages of single cells were generally constant from 0 to 
0.02 M. They increased from about 20% to 65% between 0.02 M and 0.2 M 
and level-offbeyond 0.2 M (Figure 4.3.4b). 
The results of adhesion and aggregation for Pseudomonas aeruginosa 
ATCC 10145 in varying concentration of divalent metal chlorides are shown 
in Figure 4.3.5a, b. The level of adhesion in calcium chloride was 50% higher 
in average than in other electrolytes within the concentration range tested. 
Percentage of single cells in calcium chloride was also significantly lower. At 
as low as 2 mM barium chloride or manganese chloride, bacterial aggregation 
had already reached about 80% of the maxima. For magnesium, similar 
effects were produced at 5 mM. On the other hand, the percentage of single 
cells between 2 mM and 50 mM calcium chloride remained generally constant 
(about 20%). Significant reduction on aggregationrate can only be detected 
above 0.2 M. 
The results of monovalent and divalent cations were compared and the 




Figure 4.3.4 Concentration Effects of Monovalent Cation Chlorides on 
Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 
(a) Adhesion and (b) aggregation of Pseudomonas aeruginosa ATCC 10145 
were examined by adhesion on glass assay under standard conditions in 5 mM 
triethanolamine-HCl (pH 7.0) supplemented with 0.005-1 M sodium chloride 
( ~ " • ~ ) , potassium chloride (——•——)or ammonium chloride (——•——). 
(Each point represents the average count of 4 wells; error bar defines the 
maximum and minimum counts of the 4 wells each being the average of 10 





































































































































































































































































































































Figure 4.3.5 Concentration Effects of Divalent Metal Chlorides on 
Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 
(a) Adhesion and (b) aggregation of Pseudomonas aeruginosa ATCC 10145 
were examined by adhesion on glass assay under standard conditions in 5 mM 
triethanolamine-HCl (pH 7.0) supplemented with 0.005-1 M calcium chloride 
(~~•~~), magnesium chloride ( - • - ), barium chloride (----•-——) and 
manganese chloride (——X ——).(Each point represents the average count of 
4 wells; error bar defines the maximum and minimum counts of the 4 wells 


















































































































































































































































































































Firstly, the levels of adhesion on glass in both groups followed the same 
trend, that is, a mild decrease in adhesion with increasing salt concentration. 
The absolute values except that of calcium chloride began from about 
4.7 X 10^  cells/mm^ in the absence of salt and dropped to about 
3.5 X 10^cells/mm^at0.5M. 
Secondly, the rate of aggregation in the presence of cations followed the 
order: divalent ions < monovalent ions < calcium ions. Their effective 
inhibitory concentrations (percentage of single cells over 50%) were 
determined graphically to be 1-3 mM, 0.07 M and 0.4 M respectively. 
4.3.5 Concentration Effects of Phosphate Buffers on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 
As shown in Figure 4.3.6a, b, the curves in both graphs for sodium, 
potassium and ammonium phosphate coincide with one another. The levels 
of adhesion for Pseudomonas aeruginosa ATCC 10145 on glass decreased 
slightly between 0 to 0.2 M phosphate. Sharper decreases were noted 
beyond 0.2 M. Percentages of single cells were generally constant from 0 to 
0.01 M. They increased from about 20% to 65% between 0.01 and 0.1 M 
and level-offbeyond 0.1 M. 
When the effects of these phosphate buffers on aggregation were 
compared with those of their respective chlorides, it was found that their 
trends were consistent. The effective inhibitory concentrations (percentage of 
single cells over 50%) for these phosphate buffers were graphically 
determined to be 0.05 M. 
« 
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Figure 4.3.6 Concentration Effects ofPhosphate Buffers on Adhesion 
and Aggregation of Pseudomonas aeruginosa ATCC 10145 
(a) Adhesion and (b) aggregation of Pseudomonas aeruginosa ATCC 10145 
were examined by adhesion on glass assay under standard conditions in 
0.001-1 M sodium phosphate ( • ), potassium phosphate ( - - • - -), and 
ammonium phosphate (——•----). (Each point represents the average count 
o f4 wells; error bar defines the maximum and minimum counts ofthe 4 wells 
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4.3.6 Concentration Effects of Ammonium Sulfate and 
Cyclohexylammonium Sulfate on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
Adhesion assays were performed on glass, polystyrene tissue culture 
dish and polyethylene Petri dish with Pseudomonas aeruginosa ATCC 10145 
in various concentrations of ammonium sulfate and cyclohexylammonium 
sulfate to see the concentration effects on different surfaces (Figure 4.3.7). 
The levels ofadhesion on glass (Figure 4.3.7al) and polystyrene (Figure 
4.3.7bl) in both sulfates generally followed the mild decreasing trend with 
increasing concentration as observed in other electrolytes. The level in 
cyclohexylammonium sulfate was higher than that in ammonium sulfate 
especially at high concentrations (>0.2 M). 
As for the adhesion on polyethylene, the level in 5 mM 
cyclohexylammonium phosphate was double that of 5 mM ammonium 
phosphate (Figure 4.3.7cl). This level was unresponsive to 
cyclohexylammonium sulfate concentration. On the other hand, the level of 
adhesion on polyethylene was positively related to ammonium sulfate 
concentration. The levels of adhesion in both electrolytes become 
indistinguishable beyond 0.05 M. 
With respect to aggregation, percentages of single ceUs on glass (Figure 
4.3.7a2) and polystyrene ^"igure 4.3.7b2) in all concentrations of 
cyclohexylammonium sulfate were large (over 50%) with similar trends. The 
percentages on polyethylene in low concentration (<0.02 M) of 
cyclohexylammonium sulfate were not as large (below 50%) although they 
were stiU significantly larger than that in equi-molar ammonium sulfate 
(Figure 4.3.7c2). 
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Figure 4.3.7 Concentration Effects of Ammonium Sulfate and 
Cydohexylammonium Sulfate on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 on 
Glass, Hydrophilic Polystyrene and Polyethylene 
(al) Adhesion and (bl) aggregation on glass were examined by adhesion on 
glass assay, (a2) Adhesion and (b2) aggregation on polystyrene were 
examined by adhesion on plastic assays, (a3) Adhesion and (b3) aggregation 
on polyethylene were examined by adhesion on plastic assays. All tests were 
performed under standard conditions in 5 mM cyclohexylammonium 
phosphate buffer (pH 7.0) supplemented with 0-0.5 M cyclohexylammonium 
sulfate ( ~ ~ • ~ ) or 5 mM ammonium phosphate buffer (pH 7.0) 
supplemented with 0-1 M ammonium sulfate (——•——)• (Each point 
represents the average count of 4 wells; error bar defines the maximum and 
minimum counts of the 4 wells each being the average of 10 sampling fields; 




As for the aggregation on glass (Figure 4.3.7a2) and polystyrene (Figure 
4.3.7b2) in ammonium sulfate, percentages of single cells on both surfaces 
increase between 0.01 M to 0.2 M. The increasing trend turns around 
beyond 0.2 M on glass. The percentages on polystyrene were in general 
higher and did not show a decreasing trend at high ammonium sulfate 
concentration. 
Bacterial aggregation screening tests were also performed in order to 
assess the salting-out effect of ammonium sulfate on bacterial aggregation. 
Aggregation was not detected at 0.5 M and 1 M ammonium sulfate with 
2 X 10^  CFU/ml after 1 h stirring at 100 rpm. 
In view of the fact that the cell density used in bacterial aggregation 
screening test was lower than that in SAT, aggregation of a higher cell 
density suspension (1.3 x 10^  CFU/ml in the final assay suspension) was also 
examined. Small aggregates appeared after 5 min stirring in all 
concentrations of ammonium sulfate within the tested range (from 62.5 mM 
to 2 M with one-fold increments) but the degree of aggregation was not great 
as the suspension appeared quite turbid. No significant increases in the 
degree of aggregation were detected after 1 h stirring. 
4.3.7 Effects of Cation Chelation on Adhesion ahd Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
To determine if aggregation required calcium ions, effects ofEDTA and 
EGTA in the assay medium were examined. Bacterial cells were also 
pretreated with EDTA or EGTA. In some tests, the chelated metal ions were 
replenished. The results (Table 4.3.3) showed that pretreatment with 1 mM 
EDTA or 1 mM EGTA had undetectable effects on adhesion and aggregation 
but the presence of EDTA or EGTA in the assay medium increased the 
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percentage of single cells by five folds which could be reversed by co-
incubation with magnesium chloride or calcium chloride. 
Table 4.3.3 Effects ofEDTA and EGTA on Adhesion and Aggregation 
ofPseudomonas aeruginosa ATCC 10145 
Treatment “Second Assay No. of adhered bacteria Percentage o f ~ 
treatment medium § per sq. mm (xlOOO)* single cells (%)* 
^ ^ TlEA 52.2 ± 1.3 13 .7 i0 .9 
- None EDTA 21.4 1.0 85.0 0.4 
- None EGTA 29.1 1.4 78.7 3.0 
- None EDTA+Ca 55.9 4.7 16.9 1.6 
None EDTA+Mg 50.0±4.5 15.6 ± 1.1 
- None EGTA+Mg 31.2± 1.6 70.8 ± 1.8 
EDTA None TEA# 37.4 3.0 16.8 0.5 
EDTA CaCk t TEA 37.3 5.8 18.9 1.2 
EGTA None TEA 52.2±1.3 13.7±0.9 
EGTA CaCb j TEA 52.7±7.6 12.2±0.9 
t The cells (OD470=1) were incubated for 15 min with 1 mM EDTA-TEA (1:3), pH 7.4 or 
1 mM EGTA-TEA (1:2.4), pH7.65, both buffered with 10 mM triethanolamine-HCl (pH 7.0) 
The negative treatment was 15 min incubation in 10 mM triethanolamine-HCl (pH 7.0). 
J The cells were spinned down and resuspended in 10 mM triethanolamine-HCl (pH 7.0) 
supplemented with 5 mM calcium chloride and incubated for 15 min. 
§ After treatment, the cells were dispersed and resuspended in water. After adjusting the cell 
density, they were mixed into the assay medium so that the final concentration was 
2 X 10^  CFU/ml. Adhesion on glass assay was performed accordingly. 
All assay media were buffered with 10 mM triethanolamine-HCl (pH 7.0). 
EDTA: 1 mM EDTA-TEA (1:3); EGTA: 1 mMEGTA-TEA(l:2.4); 
Ca: 5 mM calcium chloride; Mg: 5 mM magnesium chloride 
# Due to cell lysis, the cells were not resuspended in water after EDTA-treatment. They were 
directly resuspended in 10 mM TEA and washed twice to remove the EDTA. After 
resuspension in 10 mM TEA, the cells were dispersed and its cell density adjusted. 
The cells were dispersed once again just before the adhesion assay. 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields counted, n=l 
4.3.8 Effects of Sugars on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
«. 
In order to see if lectin-like interactions played a role in adhesion and 
aggregation of Pseudomonas aeruginosa ATCC 10145, adhesion on glass 
100 
assays were done on the bacteria suspended in different sugar solutions. All 
the neutral sugars tested did not affect adhesion and aggregation significantly 
at 50 mM (Table 4.3.4). Higher percentages were observed in the acidic 
sugar, basic sugar, and sugar phosphate. Percentages of single cells in 
glucose-1 -phosphate, glucosamine and gluconate were compared with 
corresponding concentrations of control salts. Percentage of single cells in 
50 mM glucose-1 -phosphate was comparable to that in 75 mM sodium 
phosphate buffer (pH 7.0). Likewise, the percentages in glucosamine and 
ammonium chloride were similar. For 50 mM gluconate, the percentage was 
significantly higher when compared with sodium acetate but lower when 
compared with sodium chloride. Percentage of single cells in 0.1 M sodium 
gluconate did not have a great difference with that of 0.1 M sodium chloride. 
4.3.9 Effects of Amino Acids on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
Adhesion and aggregation of Pseudomonas aeruginosa ATCC 10145 
suspended in different amino acid solutions were assessed by bacterial 
adhesion on glass assay. No significant differences in adhesion and 
aggregation were detected for most of the amino acids tested at 50 mM. A 




Table 4.3.4 Effects of Sugars on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
Sugar No. of adhered bacteria Percentage of 
per sq. mm (xlOOO)* single cells (%)* 
l O m M K P t 49.8±7.4 11.1±2.9 
50 mM D-glucose 47.6 5.5 12.1 2.2 
50 mM D-galactose 51.8 2.3 11.6 1.9 
50 mM D-mannose 49.1 1.6 14.0 1.4 
50 mM D-arabinose 48.3 6.8 13.1 1.6 
50 mM D-fucose 55.4 12.6 11.8 2.6 
50 mM L-fucose 49.3 2.3 15.1 1.4 
50 mM L-rhamnose 45.0 ±2.3 11.2 1.4 
50 mM N-acetylgalactosamine 47.5 ± 6.4 13.4 2.3 
50 mM N-acetylmannosamine 50.1 6.3 12.7 2.5 
50 mMN-acetylglucosamine 43• 8 7.1 16.8 1.4 
50 mM l-amino-l-deoxy-
-b-D-glucose 59.4 5.0 13.2 2.7 
50mM glucose-l-phosphate.2Na 35.4 3.0 58.0 3.7 
75mM NaPJ 32.1 4.5 62.6 2.7 
50mM glucosamine.Cl 27.3 4.1 38.8 3.1 
50mM NH4C1 36.3 3.6 36.6 3.6 
O.lMglucosamine.Cl "- 37.6 4.7 32.0 1.3 
O.lMNH4Cl 40.4db2.0 32.3 1.8 
50mM gluconate.Na 49.6 3.2 29.4 4.4 
50mM acetate.Na 57.6 5.1 11.7 2.6 
50mMNaCl 42.8 2.2 38.8 5.7 
O.lM gluconate.Na 29.5 2.1 80.6 2.9 
O.lMNaCl 33.3 0.8 70.2 5.3 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields counted, n=l 
•. potassium phosphate buffer (pH 7.0), all solutions were buffered with lOmM KP 
J sodium phosphate buffer Q)H 7.0) 
« 
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Table 4.3.5 Effects of Amino Acids on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
Amino acid No. of adhered bacteria Percentage of ~ 
persq. mm(xlOOO)* single cells (%)* 
lOmMKPt 50.2 ±1.8 15.8±0.9 
50 mM glycine 44.2 8.8 16.1 2.1 
50 mM alanine 44.6 7.8 12.7 1.7 
50 mM serine 45.1 5.3 14.7±2.5 
50 mM glutamate 51.2 4.6 19.1 5.0 
50 mM glutamine 51.0 1.2 14.5 1.4 
50 mM lysine 44.3 6.9 20.0 3.0 
50 mM arginine 50.4 4.0 22.1 1.8 
50 mM histidine 44.2 3 0 27.3 1.3 
* value expressed as Mean ± SD of 4 wells, each with 10 sampling“ 
fields counted, n=l 
t potassium phosphate buffer (pH 7.0) all solutions were buffered 
with 10 mM KP 
4.4 Adhesion and Aggregation after Pretreatments of the Cells 
4.4.1 Effects of Protease Treatments on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
To see if proteins are involved in aggregation, the cells were treated with 
proteases. Treatment with 1 mgAnl proteinase K resulted in an increase in 
percentage of single cells from 11% to 70%. The inhibitory activities of 
pronase E and trypsin were lower but still resulted in significantly higher 
percentages than untreated cells. Boiled pronase E had no detectable effects 
on aggregation (Table 4.4.1). 
In order to confirm that decrease in aggregation was actually due to 
enzymatic activities rather than mere protein-cell surface interactions, 
dispersed bacterial ceUs were pretreated vith proteinase K and pronase E for 
a given time and the time profiles were constructed (Figure 4.4.1). 
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Percentages of single cells increased with incubation time in both proteases. 
The inhibitory effects of proteinase K on aggregation appeared higher than 
pronase E. Percentage of single cells at maximum inhibition was 37% for 
1 mg/ml pronase E after 80 min incubation and 70% for 1 mg/ml proteinase K 
with the same period. 
Table 4.4.1 Effects of Protease Treatments on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 
Treatment No. ofadhered bacteria Percentage of ~ 
per sq.mm(xlOOO)* single cells (%)* 
control 4 5 . 5 i 3 . 5 11.2 ± 1.5 
proteinaseK 23.6 3.0 70.8 1.9 
trypsin 41.7 3.2 37.0 4.7 0.0008 
pronaseE 46.8 2.1 36.0 5.5 0.0012 (0.0041)^ 
boiled pronaseE 60.8 2.5 16.3 ±2.4 
The cells (OD470=1) were incubated in 1 mg/ml protease for 90 min at 37°C 
In the control, the cells were incubated in water for 2 h at 37°C. 
After treatment, the cells were dispersed and resuspended in water. 
After adjusting the cell density, they were mixed into the assay medium so that 
the final concentration was 2 x 10^  CFU/ml in 10 mM potassium phosphate 
buffer (pH 7.0). Adhesion on glass assay was performed accordingly 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields counted, n=l 
a p value calculated by unpaired /-test comparing with control 





Figure 4.4.1 Time-dependent Effects ofProtease Treatments on 
Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 
Pseudomonas aeruginosa ATCC 10145 was suspended in water and 
dispersed. The cell suspension was diluted so that absorbance at 470 nm was 
about 1 and then dispensed into tubes. Pronase E ( ~ ~ • ~ ) or proteinase K 
(——•——)was added to each tube at a final concentration of 1 mg/ml. The 
tubes were incubated at 37°C. Enzymatic reactions were stopped at certain 
time intervals from 0 to 2 h by spinning down the cells at high speed. The 
cells were washed twice in water and resuspended in water. After dispersion, 
adhesion on glass assay was performed accordingly. (Each point represents 
the average count of 4 wells; error bar defines the maximum and minimum 





Pefcentage of single cells (%) 
o 3 ^ 8 S § ^ § 8 i 











^ -• i \ 
: \ \ 
\ ^—-~———^^^———^ 
::\ V 
1 8 - ^ ~ ~ I 




. \ | 4 
8 --
§ J !•• 
4.4.2 Effects of Externally Added Proteins on Adhesion and 
Aggregation of Pronase-treated Cells 
To find out more information on the nature of the protease-sensitive 
component on the cell surface, some proteins were extemally added to see 
their effects on bacteria adhesion and aggregation. Table 4.4.2 demonstrates 
that adhesion on glass returned to the level near that of untreated cells in the 
presence of protamine. The degree of aggregation also increased as indicated 
by the lower percentage of single cells than pronase-treated cells. Bovine 
serum albumin appeared to inhibit the adhesion on glass and the degree of 
aggregation also decreased. Addition of Bacillus protease did not seem to 
change the pronase-elicited effects on adhesion and aggregation. 
Table 4.4.2 Effects of Externally Added Proteins on Adhesion and 
Aggregation of Pronase-treated Cells 
Pronase Assay No. of adhered bacteria Percentage of 
treatment medium % per sq. mm (xlQOQ)* single cells (%)* 
- standard 71.9±9.1 11.0±2.5 
Yes standard 58.0 7.0 37.1 1.6 
Yes protamine 70.4 5.6 20.8 2.2 ^ 
Yes BSA# 25.6 3.2 49.0 ±2.4 
Yes protease § 55.0 5.7 36.2±2.4 
t The cells (OD470=1) were incubated in 2 mgAnl pronase E for 2 h at 37°C. 
In the negative control, the cells were incubated in water for 2 h at 37X. 
X After pronase treatment, the cells were dispersed and resuspended in water. 
After adjusting the cell density, they were mixed into the assay medium so that 
the final concentration was 2 x 10^  CFU/ml in 10 mM potassium phosphate 
buffer (pH 7.0) supplemented with 1 mg/ml one of the following proteins. 
Adhesion on glass assay was performed accordingly. 
* value expressed as Mean Sf) of 4 wells, each with 10 sampling fields counted, n=l 
# bovine serum albumin 
§ protease from Bacillus polymyxa previously determined to have no effects 
on adhesion and aggregation 
a p <0.0001 comparing with the positive control by unpaired t -test 
% 
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4.4.3 Effects of Acid or Base Treatments on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 
Various cell surface modifications were made and treatment with an acid 
or a base was one of the most vigorous one. Cell suspension of 
Pseudomonas aeruginosa ATCC 10145 was mixed with sodium hydroxide or 
hydrochloric acid (0.1 M final concentration) and incubated for 20 min at 
4X. After these treatments, the cells in sodium hydroxide was found to be 
lysed completely. On the other hand, the cells in HC1 aggregated into visible 
flocs. After three rounds of washes in water, the flocs were syringe vortexed 
and it was found that these flocs were extremely difficult to be dispersed. In 
addition, visible patches of cellular materials were lost on the eppendorf, 
syringe and test-tube surfaces. The OD470 was adjusted by water to 0.200. 
The cell density of the resulting suspension was found to be 60% lower than 
normal as revealed under the microscope. Adhesion assays were then 
performed with this suspension. Polyethylene surfaces were made wettable 
after 1 h incubation with these bacterial cells while untreated cells could not 
produce the same effect. The number of adhered bacteria observed on glass, 
polystyrene and polyethylene were found to be extremely small. 
4.4.4 Effects of Heat Treatment on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
The effects of heat treatment on adhesion and aggregation were also 
investigated. After heating the cellular suspension for 5 min at 100T, 
bacterial cells were seen to move as active as unheated bacteria. The number 
of cells in the suspension were also similar to unheated suspension as revealed 
by direct counting under the microscope with a hemacytometer. The level of 
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adhesion for heated cells appeared to be reduced dramatically. Percentage of 
single cells also increased to over 70% (Table 4.4.3). 
Since the level of adhesion was too low, the percentage of single cells 
calculated might not be accurate enough. Therefore bacterial aggregation 
was also examined by bacterial aggregation screening test (Section 3.2.7). It 
was found that small aggregates appeared after unheated Pseudomonas 
aeruginosa ATCC 10145 had undergone 1 h mild stirring in 10 mM 
potassium phosphate buffer (pH 7.0). However, no visual aggregation was 
detected for heated cells by this test. 
Table 4.4.3 Effects of Heat Treatments on Adhesion and Aggregation 
of Pseudomonas aeruginosa ATCC 10145 
Treatment No. of adhered bacteria Percentage of 
persq. mm (xlOOO)* single cells (%)* 
None 4 9 . 9 i 5 . 9 18.5 ±2.3 
heated 6.9 2.8 70.7±5.5 
* value expressed as Mean SD of 4 wells, each with 10 sampling 
fields counted, n=l 
t heated in a boiling water bath for 5 min 
« 
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4.4.5 Effects of Extensive Washing on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
Since aggregation had been shown to be caused by cell surface 
components, an attempt was made to see if these components can be 
removed from the cell surface by physical washing. Extensive washing 
caused a significant increase in the percentage of single cells detected in 
bacterial adhesion on glass assay. On the other hand, the level of adhesion 
was not much affected (Table 4.4.4). 
Table 4.4.4 Effects of Extensive Washing on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 
Washing No. ofadhered bacteria Percentage of 
procedure per sq. mm (x 1000)* single cells (%)* p^ 
standard 48.7±6.9 17.2 ± 1.9 
extensive 47.4 3.9 29.1 ±2.1 0.0002 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields 
counted, n=l 
After standard washing and dispersing procedures, the cells were centrifuged. 
The cell pellets were resuspended in water and dispersed thoroughly by 
syringe vortexing. The cells were washed twice with this procedure. After 
resuspensed in water and dispersed, a standard adhesion on glass assay 
was performed. 
a p value calculated by unpaired /-test comparing with standard 
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4.5 Isolation and Growth Characteristics of Aggregation-
deficient Mutants 
Cells of Pseudomonas aeruginosa ATCC 10145 were observed to 
flocculate in PBM during late-log phase of growth as well as in 10 mM 
potassium phosphate buffer (pH 7.0). These phenomena were exploited for 
the isolation of the aggregation-deficient mutants. After three successive 
growth and enrichment for slower-sedimenting variants of cells as described 
in Section 3.4, 200 isolates were screened for dispersed rather than 
flocculated cells in the growth medium. Thirteen isolates with more dispersed 
cells were chosen for further testing. These strains were picked and 
subcultured on LB agar. Four isolates, mutant 1 9, 10 and 11 appeared to 
form bigger colonies with more irregular edges comparing with the wild-type 
and other isolates. Subculturation on LB agar produced the same 
morphology. These four strains produced more uniformly turbid cultures 
when growing in PBM. They also exhibited a higher percentage of single 
cells in adhesion on glass assay. The other isolates were discarded because 
they had the same degrees of aggregation as the wild-type. 
After three successive subculturations on LB agar, two of the remaining 
isolates showed some small aggregates when growing in PBM. Since the 
phenotypic characteristics of these strains appeared similar, one of the 
isolates, mutant 9 which exhibited the maximal stability in the extend ofnon-
aggregation characters was chosen for further study. 
The growth rate ofmutant 9 on LB agar surface was compared with the 
wild-type. The results showed that mutant 9 grew faster than the wild-type 
on LB agar (Figure 4.5.1). The colonial morphology of mutant 9 on LB agar 
« 
was also different from that of the wild-type (Figure 4.5.2). 
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Figure 4.5.1 Growth Rates of Pseudomonas aeruginosa ATCC 10145 
and Mutant 9 on LB Agar 
Pseudomonas aeruginosa ATCC 10145 (—•—) and mutant 9 ( -0--) 
were picked out individually from solid culture and inoculated on LB agar at 
the centre of a 100 mm Petri dish containing 30 ml LB agar respectively. The 
dishes were sealed with parafilms and incubated at 37°C with the cover facing 
downwards on the bottom tray of the oven. The maximal lengths of the 
colonies were measured daily following the inoculation. The experiment was 
performed with duplicates and each point was plotted on the graph. 
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Figure 4.5.2 Colonial Morphology of (a) Pseudomonas aeruginosa 
ATCC 10145 and (b) Mutant 9 on LB Agar after Growth 
at 37 C for 15 Days 
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4.6 Comparisons of the Adhesion and Aggregation Characters 
of Pseudomonas aerupinosa ATCC 10145 and Mutant 9 
4.6.1 Under Standard Condition 
The determined number of adhered bacteria and percentage of single 
cells for Pseudomonas aeruginosa ATCC 10145 and mutant 9 in 10 mM 
potassium phosphate buffer (pH 7.0) are summarized in Table 4.6.1. 
Adhesion on glass for mutant 9 was about 30% lower than the wild-type. On 
the other hand, percentage of single cells for mutant 9 is 3.4 times more than 
the wild-type. 
Table 4.6.1 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 and Mutant 9 under Standard Conditions 
Strain No. ofadhered bacteria Percentage of 
per sq. mm (x 1000) % SD single cells (%)* % SD 
1 ^ 53 .4 i6 .8 TTWo 1 4 . 6 i l . 9 13.0% 
mutant 9 37.6 7.0 18.6% 49.7 3.5 7.0% 
* value expressed as Mean ± SD (from 13 experiments) “ 
4.6.2 On Different Surfaces and in Different Electrolytes 
Cell surface charge and cell surface hydrophobicity are crucial for 
bacterial adhesion. However, they cannot be directly determined in this study 
due to experimental difficulties. A substitution experiment was performed as 
mentioned in Section 4.6.2. The appeared lower adhesiveness of mutant 9 in 
10 mM potassium phosphate buffer (pH 7,0) was probably due to the effect 
ofaggregation on adhesion. Similarity in adhesiveness for the mutant and the 
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wild-type in 10 mM and 0.1 M potassium phosphate buffer (pH 7.0) suggests 
that their cell surface characteristics are similar and are not distinguishable at 
low electrolyte concentration. In 1 M ammonium sulfate, the levels of 
adhesion for the mutant on polystyrene were found to be significantly lower 
than that of the wild-type. 
Table 4.6.2 summarized the results of adhesion and aggregation for both 
strains in three media in increasing ionic strengths from top to bottom and 
three surfaces with increasing hydrophobicity from left to right. Considering 
adhesion in 10 mM potassium phosphate buffer (pH 7.0), higher levels were 
observed for the wild-type. In 0.1 M potassium phosphate buffer (pH 7.0), 
both strains have similar levels of adhesion on each surface. In 1 M 
ammonium sulfate, the mutant had a significantly lower level on polystyrene. 
Percentage of single cells for the wild-type in 10 mM potassium 
phosphate buffer (pH 7.0) on all the three surfaces are similar (about 14%). 
For the mutant, percentages of single cells on different surfaces follow the 
trend: glass > polystyrene > polyethylene. In 0.1 M potassium phosphate 
buffer (pH 7.0), both the mutant and the wild-type had similar degree of 
aggregation. Percentages of single ceUs in 1 M ammonium sulfate for both 
strains are similar on all the surfaces. 
Bacterial aggregation screening tests were also performed at 1 M 
ammonium sulfate to see if there was any saltihg-out effect. Extensive 
aggregation was observed in the mutant but was not detected in the wild-type 
for suspensions with 2 x 10^  CFU/ml after 1 h stirring at 100 rpm. The test 
was also performed at higher cell densities (1.3 x 10^  CFU/ml in the final 
assay suspension) in various concentrations of ammonium sulfate (from 
62.5 mM to 2 M). Mild aggregation was detected at all concentrations of 
ammonium sulfate in the wild-type after 5 min stirring. Aggregation was also 
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detected in the mutant at 2 M and 1 M respectively. After 1 h stirring, 
aggregation was observed in the mutant at all concentrations except 
62.5 mM. 
Table 4.6.2 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 and Mutant 9 on Different Surfaces 
No. of adhered bacteria / sq. mm (xlOOO)* Tested surface 
Assay medium Strain glass polystyrene polyethylene 
lOmMKP roT^ 51 .0 i6 .5 51.3 1.4 22.0 ± 2.4 
mutant 9 31.7 2.6 36.9 4.6 10.4 0.2 
O.lMKP 10145 27.9 i 3 . 8 33.2 ±2.3 39.8 4.0 
mutant 9 28.4 i 5.7 37.3 ±3.0 35.7 ±4.3 
lM0^4)2SO4 10145 35.3 3.7 42.5 ±2.6 41.3 7.5 
t mutant 9 24.1 7.4 17.2 4.9 33.8 3.2 
(0.0503) (0.0004) (0.1402) 
Percentage of single ceUs (%)* Tested surface 
Assay medium Strain glass polystyrene polyethylene 
lOmMKPt ToT^ 15.5 ±2.9 13.2 1.4 14.4 0.5 
mutant 9 52.5 ±6.4 40.5 ±4.8 32.4 ±5.6 
O.lMKP 10145 —69.6 ±9.1 75.9 3.0 45.8 14.7 
mutant 9 77.7 5.1 62.1 ±6.1 30.5 2.7 
1 M 0^ TH4)2SO4 10145 47.0 2.5 46.9 6.4 52.0 12.5 
mutant 9 44.7 4.6 51.1 7.5 53.3 ±2.4 
* value expressed as Mean SD of 4 wells, each with 10 sampling fields counted, n=l 
t potassium phosphate buffer O^ H 7.0) 
J p value calculated below by unpaired t -test comparing with wild-type 
* 
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4.6.3 Under Shear 
An attempt was made to compare the cell surface hydrophobicity of the 
wild-type and mutant cells by microbial adhesion to hydrocarbons assay 
(Section 1.1.4.2.2). However, the test was unsuccessful because a large 
number ofthe wild-type cells were lost on the test-tube walls. In the control 
experiment, the cells were incubated with buffer alone without adding 
hexadecane. The absorbance at 470 nm decreased by over 50% after 
vortexing for 2 min. On the other hand, not much decrease (less than 10%) 
in optical density was observed in the control tubes of mutant 9. Microscopic 
counting revealed that the decrease in absorbance correlated to a proportional 
decrease in cell density but not the aggregation of the cells. This phenomena 
was exploited to differentiate the two types of cells and developed into the 
bacterial adhesion under shear assay as mentioned in Section 3.2.3. 
Experiments were performed several times with different buffers. It was 
found that the consistency of the readings depended on several factors: the 
performance of the mixer machine, the time between mixing the cell 
suspension with the buffer and vortex, the way of holding the tube during 
vortexing, and the time of measuring the absorbance after vortexing. Finally, 
the assay was performed as follows: 
Dispersed bacterial cell suspension was prepared as mentioned in 
bacterial adhesion on glass assay. OD470 of the s'uspension was adjusted to 
0.2. 0.6 ml 2 X assay buffer was added into nitric acid .cleaned glass test-
tubes. 0.6 ml of cell suspension was added into the test-tube just before 
vortexing. The mixer machine was turned on at the maximal speed. The test-
tube was pressed onto the centre of the vortexing platform and held vertically 
and tightly throughout the 2 min vortexing period. After 2 min, the 
absorbance of the test-tube content was measured immediately. 
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Adhesion in different concentrations of sodium chloride and potassium 
phosphate buffer (pH 7.0) were tested and the results are shown in Figure 
4.6.3a, b. OD470 for both wild-type and mutant cells were about 0.09 in 
lOmM potassium phosphate buffer (pH 7.0). Their absorbances do not 
deviate much from this value in 0.02 M and 0.05 M sodium chloride. In 
0.1 M and 0.2 M sodium chloride, the absorbance for mutant 9 was about 
0.1 indicating no adhesion. On the other hand, the absorbance for the wild-
type decreased to 0.05-0.06. The absorbance for wild-type cells generally 
remained at the same value in 0.5 M sodium chloride but the absorbance for 
the mutant declined to the level of the wild-type. Adhesion for both strains 
continued to increase with similar extent as sodium chloride concentration 
increased to 1 M. 
In Figure 4.6.3b, the absorbance of mutant cell does not appeared to fall 
between 0.01 M and 0.4 M potassium phosphate buffer (pH 7.0). However, 
the absorbance for the wild-type declined to about 0.05 in 0.3 M and 0.4 M 
buffer. The difference between the wild-type and the mutant ceased at 0.5 M 
as the absorbance of the mutant also decline. Their absorbances were 




Figure 4.6.3 Adhesion ofPseudomonas aeruginosa ATCC 10145 and 
Mutant 9 under Shear 
Pseudomonas aeruginosa ATCC 10145 • and mutant 9 _ were suspended 
in water and their OD470 adjusted to 0.200. After mixing with equal 
concentration of(a) sodium chloride buffered with 10 mM potassium 
phosphate buffer (pH 7.0) and (b) potassium phosphate buffer (pH 7.0), the 
assay suspension was vortexed for 2 min. Absorbance at 470 nm ofthe test-
tube content was then measured. (Results obtsined from the average of three 

























































































































































































































































































4.6.4 Adhesion and Aggregation of Combined Suspensions of 
Pseudomonas aeruginosa ATCC 10145 and Mutant 9 
Different proportions of cell suspension of Pseudomonas aeruginosa 
ATCC 10145 and Mutant 9 were mixed. The adhesion and aggregation~of 
the combined suspensions were tested by adhesion on glass assay. The level 
of adhesion increased steadily as the proportion of wild-type cells increased. 
On the other hand, percentage of single cells decreased sharply from about 
50% to 25% as the proportion of wild-type cells increased to one-fourth. In 
higher wild-type cell ratios, much lower declining rate of the percentage was 
observed (Figure 4.6.4). 
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Figure 4.6.4 Adhesion and Aggregation of Combined Suspensions of 
Pseudomonas aeruginosa ATCC 10145 and Mutant 9 
(a) Adhesion and (b) aggregation oiPseudomonas aeruginosa ATCC 10145 
and mutant 9 mixed in several ratios (1:9, 1:3 and 1:1) to the final cell density 
o f 2 X 10^  CFU/ml cells in the combined suspensions were determined by 
standard bacterial adhesion on glass assays. (Each point represents the 
average count of4 wells; error bar defines the maximum and minimum counts 
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4.7 Characterization of the Cell Surface Properties of 
Pseudomonas aeruainosa ATCC 10145 and Mutant 9 
4.7.1 Outer Membrane Protein Profiles 
Since previous results indicated the possible involvement of protein 
components on aggregation, outer membrane proteins of the wild-type and 
the mutants were extracted and analyzed. The procedures for the isolation of 
s • 
the outer membranes and sodium dodecylsulfate-polyacrylamide gel 
electrophoresis were conducted as mentioned in Section 3.4. The protein 
profiles are shown in Figure 4.7.1. The profile for bacteria growing in LB 
(lane 6) had two sharper bands at 54.5 kDa and 28 kDa and thinner bands at 
81 and 85 kDa. The band patterns for the wild-type and the other four 
mutants growing in PBM were similar. The wild-type (lane 7) appeared to 
have thinner bands at 21, 81 and 85 kDa compared with the mutants. 
4.7.2 Pili-elicited Twitching Mobility 
Mutant 9 had demoflstrated faster growth rate on LB agar surface. 
Therefore, the twitching mobility of the wild-type and mutant 9 were 
compared to see if the growth rate difference was the result of an altered pilus 
function. The twitching mobility of Pseudomonas aeruginosa ATCC 10145 
and mutant 9 were compared by the subsurface twitching assay as mentioned 
in Section3.6.1. After 24 h of growth at 37 C, the twitching zone of 
mutant 9 at the agar-Petri dish interface was found to be bigger than that of 
the wild-type (Figure 4.7.2). The colonial sizes of each strain from fifteen 
colonies were measured with a ruler. The average colonial size of mutant 9 
4k 
was determined to be 11.5 mm in diameter which was 23% bigger than the 
wild-type colonies (9.2 mm). 
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Figure 4.7.1 Outer Membrane Protein Profiles of Pseudomonas 
aeruginosa ATCC 10145 and its Aggregation-deficient 
Mutants 
Pseudomonas aeruginosa ATCC 10145 were grown in PBM and LB. All the 
mutants were grown in PBM. Their outer membranes were extracted as 
mentioneddn Section 3.5.1. SDS-PAGE was performed with 14% resolving 
gel and 4% stacking gel at 25 mA as mentioned in Section 3.5.2. 
Electrophoresis was stopped after 2 h and the bands were visualized by zinc 
stain. From left to right: molecular weight markers, lane 1; mutant 11 lane 2; 
mutant 10’ lane 3; mutant 9, lane 4; mutant 1, lane 5; ATCC 10145 (grown in 
LB), lane 6; ATCC 10145, lane 7; molecular weight markers, lane 8. 
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Figure 4.7.2 Growth ofPseudomonas aeruginosa ATCC 10145 and 
Mutant 9 at the Agar-Petri Dish Interface 
Subsurface twitching assay was performed foxPseudomonas aeruginosa 
ATCC 10145 (left 3) and mutant 9 (right 3) as mentioned in Section 3.6.1 in 
a polystyrene tissue culture dish (100 mm, Coming) with 1.5% agar (LB agar 
supplemented with 20 mM potassium nitrate). Three inoculations for each 
strain were done on each dish. The bacteria were grown for 24 h at 37 C. 
* 
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4.7.3 Mobility Due to Flagella 
In addition to the subsurface twitching assays, soft-agar swarm assays 
were also performed to investigate the possible role of flagella on the mobility 
ofthe bacteria. Afler incubation for 48 h at 37°C, the average colonial sizes 
of the wild-type and the mutant were found to be 30 mm and 31.7 mm 
respectively. After incubation for 96 h, the average colonial sizes were 
49 mm and 51.7 mm respectively. 
4.7.4 Production of Alginate 
4.7.4.1 Extraction of Alginate from Spent Growth Medium 
Both strains were grown in gluconate medium for 72 h. The spent 
medium was extracted for alginate as mention in Section 3.7.1. Phenol-
sulfuric assay showed negative results for the extracted materials from both 
bacterial strains. 
4.7.4.2 Detection of Cell Surface-associated Alginate 
Since induction of alginate secretion was unsuccessful, another method 
was tried which was intended to detect the trace amount of alginate that may 
be associated with the bacterial cell surface. Pseudomonas aeruginosa 
ATCC 10145 and mutant 9 were grown in PBM. The cells were washed and 
dispersed as mentioned in bacteria adhesion on glass assay. The cells were 
removed by centrifugation. The superaatants were tested for alginate. The 
results ofphenol-sulfuric acid assay and carbazole assay were positive. 
Because the appeared positive results of phenol-sulfuric acid assay and 
carbazole assay in the previous experiment might be caused by the 
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interference of proteins that were washed into the solution, another test was 
performed to remove these proteins before alginate determination. The 
dispersed cells (OD470=1) were treated with 1 mg/ml pronase E for 0 to 2 h 
at 30 min intervals. The pronase was removed by ammonium sulfate 
precipitation and the salt in the supematant was removed by dialysis. The 
results ofphenol-sulfuric acid assay and carbazole assay were negative for all 
the dialysates. 
The results of the above tests are summarized in Table 4.7.1 • 
Table 4.7.1 Detection of Alginate Production of Pseudomonas 
aeruginosa ATCC 10145 and Mutant 9 
Sample Strain Phenol-sulfuric Carbazole 
acid assay assay 
Spent growth medium 10145 - N.D. 
mutant 9 - N.D. 
Dispersed cells 10145 + + 
(supematant) mutant 9 + + 
Pronase-treated cells 10145 - -
(dialysate) mutant 9 - -
+: positive 
-:negative 




5,1 Choice of the Materials 
Pseudomonas aeruginosa has been an extensively studied species in 
bacterial adhesion. Its multi-mechanistic adhesion strategies and strong 
literatural. background makes it an attractive candidate for research. 
Pseudomonas aeruginosa ATCC 10145 was chosen for current study. Being 
the type strain ofthe species, it is especially suitable for mechanistic studies. 
Simple materials such as glass or plastic surfaces were the first choices 
of the solid surface materials for investigation because of their transparent 
properties. In addition, the surface free energies of these materials are also 
available (Section 2.2). 
5.2 Development of the Assav Methods 
5.2.1 Development of the Procedures for Bacterial Adhesion Assays 
Reliable and high-resolution quantitative assays are indispensable in 
characterizing bacterial adhesion and aggregation. Bacterial adhesion has 
been quantified by a great number of means by previous workers in the field. 
However, quantitative assays for bacterial aggregation are rare. During the 
early stage ofthis research, efforts were made to develop suitable methods to 
study bacterial adhesion on different surfaces. At this stage, the aggregation 
behavior of Pseudomonas aeruginosa ATCC 10145 was also revealed. It 
was found that this behavior was quite abnormal as the degree of aggregation 
seemed to be affected by electrolyte concentrations. Therefore, I decided to 
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characterize both the adhesion and the aggregation behaviors of 
Pseudomonas aeruginosa ATCC 10145 in this project. This had paved the 
direction of the present research. 
Microscopic counting was chosen as the main quantification methods 
because it is one ofthe few ways capable of quantifying bacterial aggregation. 
After a number of preliminary trials, the advantages of the procedures of 
bacterial adhesion on glass assay in the present format were revealed. The 
developmental profiles of these procedures are as follows: 
Firstly, the grown cells must be removed from the growth medium. This 
can be achieved by centrifugation followed by resuspension. Secondly, they 
have to be dispersed into single cells. Sonication and syringe vortexing had 
been compared. Both were determined to have similar effectiveness (data not 
shown). Syringe vortexing was a milder treatment and so was chosen for 
later experiments. Thirdly, a quantifiable number ofcells are to be suspended 
in the assay media. Early testing did not give satisfactory results due to the 
aggregation ofcells in the suspending buffers. After numerous trials, the best 
way for this procedure was determined. It was by dispersing and suspending 
the cells in distilled water first and then mixing this suspension with double 
strength assay medium. The next procedure is simply incubating the assay 
suspension with the tested surface. The fifth step is to remove non-adhering 
cells. Many controversies about this procedure have arisen because the 
distinction between adhered and non-adhered bacteria varies from method to 
method. Some researchers have used quantifiable forces such as centrifugal 
force to remove surface associated bacteria, others have just performed 
general washing. In this study, the washing procedure was performed as 
mentioned in Section 3.2.1.7 and I tried to wash in a manner as consistent as 
possible for each surface. The final step is the fixation of the specimen for 
microscopic observation. It was done by standard slide preparation 
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techniques, that is, incubation with glutaraldehyde before the final wash and 
air-drying. 
There were two major breakthroughs in the present experimental 
procedures. The first one was the successful assemblance of the microscope 
to the television and the second one was the invention of the adhesion assay 
platform. Both resulted in significant decreases in human labor and increases 
in productivity. In addition, the results became more accurate because more 
samples could be counted. The number of samples counted for each assay 
was standardized as mentioned in the Methods. 
5.2.2 Development of the Assay Methods for Bacterial Aggregation 
Three tests were invented for the quantification ofbacterial aggregation 
and their results were compared (Section 4.1.2). Top-agar assay is based on 
the fact that the number ofcolony forming units in a bacterial suspension will 
decrease as more bacteria aggregate. Both adhesion on glass assay and epi-
fluorescence microscopy determine percentage of single cells. Their 
difference only lies in the—methods of collecting the samples. Adhesion on 
glass assay depends on static deposition of the cells on the glass surface while 
epi-fluorescence microscopy collects the samples on a membrane surface by 
applying suction. All methods are theoretically sound. However, 
experimental results showed that epi-fluorescence microscopy could not give 
an enough resolution. Although, top-agar assay seemed to be sensitive but 
the contrast was not as great as that of adhesion on glass assay. Furthermore, 
this assay requires aseptic technique and stringent time control which greatly 
increases experimental difficulties especially when a lot of assays have to be 
handled simultaneously. 
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In contrast, bacterial adhesion on glass assay had demonstrated 
superiority to other methods both in experimentation and results. In addition, 
this test can be used to investigate cell surface properties that affect both cell-
cell interactions and cell-substratum interactions simultaneously. Therefore, it 
was adopted in later experiments. 
Expressing the degree of aggregation in terms of percentage of single 
cells is a simple but useful step. This term is allowed to remain in its original 
form without transforming it to "percentage of aggregated cells" because the 
assay by its very nature cannot distinguish actually aggregated cells or cells 
that come close to one anotherjust by chance. Using the latter term gives an 
unrealistic interpretation particularly if the number of adhered bacteria is 
large. An advantage ofusing the former term is that a non-aggregation state 
can be alternatively expressed as several times higher in percentage of single 
cells than in aggregated state. 
5.2.3 Standardization of the Assays 
Since both cell density and exposure time have been reported to affect 
the level of adhesion greatly (Harkes et al., 1991) these quantities were 
standardized at the earliest beginning of this project. In the standard assay, 
the chosen cell density (2 x 10^  CFU/ml) and exposure time (1 h) lay on the 
straight-line regions ofthe curves (Figure 4.1.1). This ensured that adhesion 
would not be affected by limiting factors such as the complete occupancy of 
the surface and that the rate followed a first order kinetics. Moreover, the 
chosen cell density was sufficiently low and the incubation time was 
sufficiently long for bacteria to aggregate into considerable sizes before the 
« 
glass surface was over-occupied. This had increased the accuracy and the 
contrast ofbacterial aggregation examination in later experiments. 
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Secondly, the growth medium and the culturation period were 
standardized. PBM was chosen as the defined medium in this study. The 
adhesiveness of Pseudomonas aeruginosa ATCC 10145 was growth phase-
dependent. The results in Figure 4.1.5 showed that adhesiveness to both 
other cells and glass surface increased in log phase and appeared more stable 
in stationary phase. In view of the findings, adhesion assays were performed 
after 32 h ofgrowth in PBM in later experiments. 
Since washing the cells in distilled water might adversely affect the cell, 
a control experiment was done to investigate the effects of osmotic shock 
during washing. The results demonstrated that osmotic shock had little 
influence on aggregation and only slightly affected adhesion (Table 4.1.1). 
Suspending in distilled water makes it more convenient in experimental 
preparation involving different assay media. Since bacteria do not aggregate 
in distilled water and by mixing the dispersed cells with suitable assay media 
just before the adhesion assays, very consistent results of aggregation can be 
obtained. 
5.2.4 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 as a Function of Time under the Standard Assay 
Condition 
The adhesion time profiles in Figure 4.1.6a and Figure 4.1.1b are similar 
in shape. This suggests that the standardized test has similar limits in 
determining bacterial adhesion with or without bacterial aggregation. The 
standard 1 h exposure time was valid. The level of adhesion in 10 mM 
potassium phosphate (pH 7.0) was higher than that in 0.1 M potassium 
-¾ 
phosphate (pH 7.0). This difference will be explained in Section 5.4.2. 
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5.2.5 Consistency of Bacterial Adhesion on Glass Assay 
The results in Section4.1.6 showed that the standardized assay was 
reproducible and consistent. The standard percentage deviations between 
experiments for both adhesion and aggregation were satisfactory (13%). 
From experience, the cells can be considered aggregated ifpercentage of 
single cells is below 20%. Ifthe percentage is above 20%, the cells are said 
.• • 
to be reduced in aggregation. If the percentage is above 70%, the cells can 
be considered not aggregated. 
5.2.6 Limits of Bacterial Adhesion on Glass Assay 
As already stated, bacterial adhesion on glass assay cannot distinguish 
actually aggregated cells and cells that come together just by chance. In 
addition, it cannot distinguish aggregation that may occur in the bulk liquid, 
or aggregation occurring on the surface. In the latter case, the phenomenon 
is known as cooperativity. It means that the cells that have already situated 
on the surface might enhance the adhesion of other cells in the liquid. In 
some cases, this process is referred to as coadhesion (Section 1.1.2). 
Due to this limitation, bacterial aggregation screening test was used in 
some cases to complement the adhesion assays in determining aggregation in 
the bulk liquid. 
5.3 Effects of Growth Media on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
« 
In PBM, the growth was mainly limited by the poor nitrogen source 
since bacteria had to synthesize all the necessary amino acids before 
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replication could take place. It could explain the long lag-phase for bacteria 
growing in PBM (Figure 4.1.5c). In the presence of readily utilizable 
casamino acids the bacteria can grow faster. Other factors are otherwise 
equal. Supplying nitrogen source in the form of yeast extract causes one 
major physiological difference. That is, the bacteria have to secrete proteases 
in order to digest the proteins and peptides before the latter can be 
transported into the cells. The small differences in the results (Table 4.2.1) 
for cells growing in all these media suggested that all the differences in 
medium compositions tested here did not affect adhesion and aggregation in a 
significant manner. In other words, secreted proteases seemed to have few 
effects if any on the cell surface that would result in altered adhesion and 
aggregation behaviors of the organism. In contrast, the degree of 
aggregation was lower for bacteria grown in LB. The greater differences in 
medium compositions appeared to be the main cause. However, how these 
changes had brought about the decrease in the degree of aggregation was not 
clear. 
5.4 Effects of Various Chemicals in the Assay Media on 
Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 
In elucidating the mechanisms of aggregation of Pseudomonas 
aeruginosa ATCC 10145, various chemicals were tested for their abilities to 
inhibit aggregation. Two points can be summarized here before going into 
the details. 
First of all, aggregation will not take place in pure water or sucrose 
solution (Table 4.1.1). An electrolyte is required for aggregation. This is 
consistent with the prediction by the DLVO theory. Since the negative 
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charges on the cell surfaces repel one another in the absence of external 
counter ions, cells will not come close to one another in distilled water. In 
the presence of an electrolyte, electrical double layers are formed around the 
cells. These layers help decrease electrostatic repulsion and subsequently 
enhance aggregation. 
Secondly, the type ofbuffers (Table 4.3.1) except cyclohexylammonium 
phosphate, and pH (Figure 4.3.1) have little effects on adhesion and 
aggregation. On the other hand, the concentrations of the buffers or any 
electrolytes can have great influences as will be discussed in the next section. 
5.4.1 Effects of Electrolytes on Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 
The results showed that the rate of aggregation rate was dependent on 
the type and concentration of electrolytes. The low effective concentrations 
ofdivalent cations to reduce aggregation suggest that divalent cations do not 
merely play their roles in the electrical double layers. They may interact more 
closely with cell surface components such as phospholipids, 
lipopolysaccharides, proteins or exopolysaccharides. 
Both phospholipids and lipopolysaccharides carry exposed polar 
headgroups, mainly phosphates, pyrophosphates and carboxylates (Meadow, 
1975). Proteins also contain exposed carboxylate groups. Calcium ions and 
magnesium ions are implicated in stabilizing bacterial outer membranes by 
bridging neighboring phospholipid, lipopolysaccharide or protein molecules 
through their interactions with the polar groups (Nir et aL, 1983). Other 
divalent and trivalent cations can also bind to these polar groups similar to 
calcium ions and magnesium ions. 
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There have been many reports on the involvement of calcium ions (in 
sub-millimolar concentrations) in cellular aggregation (Weiss, 1960). A 
general belief is that calcium ions bridge polar head groups resided on 
adjacent cell surfaces. Theoretically, if a direct bridge is formed by calcium 
ions, this can only occur in very close contact ( 1 nm). Another possibility is 
that an intermediate substance forms a link between the two surfaces by two 
calcium bridges at both ends (Jones, 1975). In addition to the bridging effect 
the bounded calcium can also neutralize the negative charges on the cell 
surfaces making the cells more hydrophobic. Aggregation can, thus, be 
enhanced by the additional attractive hydrophobic interactions (van Oss, 
1994). 
The effects of cations on aggregation in this study can be explained by 
several possibilities. First of all, the direct effects of the cations seem to be 
physicochemical rather than biological since barium ions, which has no known 
physiological effects, reduced aggregation in a manner similar to other 
divalent ions. Furthermore, the results cannot be explained by the salting-out 
effect occurring in salt aggregation test since it was found that Pseudomonas 
aeruginosa ATCC 10145 aggregates in salt concentrations several times 
lower than those reported in SAT (Lindahl et al., 1981). In addition, an 
increase in salt concentration causes a decrease rather than the SAT predicted 
increase in aggregation. 
One of the hypothetical mechanisms of reduced aggregation in the 
prescence of cations was the displacement of calcium ions from the cell 
surface. The displacement effects have also been reported by Nir et aL 
(1983). This presumes that other ions may have weaker ability to form 
intercellular bridges. It may be due to the heterogeneity of cation binding-
sites with different binding affinities to different ions as revealed in the 
lipopolysaccharides of Escherichia coli (Field et al., 1989). Another 
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possibility is that the electrical double layers might be affected such that 
aggregation becomes more unfavorable at these electrolyte concentrations. 
Thirdly, cell surface biomolecules involved in aggregation, particularly 
proteins, might be modified or dislocated by the electrolytes at these 
concentrations. 
In this study, the effective inhibitory concentration of calcium ions for 
aggregation was determined to be 0.4 M which was the highest among the 
tested metal ions. It is likely that calcium ions may play a role in aggregation. 
Therefore the effects of both EDTA and EGTA on aggregation were 
examined. Both inhibited aggregation completely in the assay suspension and 
was reversed by cation supplementation (Table 4.3.3). Since EGTA cannot 
chelate magnesium ions while EDTA can chelate both calcium ions and 
magnesium ions, these results support the hypothesis that aggregation 
requires calcium ions. However, pretreatment of cells with both chelators 
could not produce the same results. This may be due to the presence oftrace 
amount of calcium ions in the washing buffers or assay media. Another 
probable explanation in support of the biomolecule-dependent hypothesis is 
that the chelators may modify or dislocate the proteins concerned in a manner 
similar to other electrolytes and therefore reduce aggregation. However, 
when these chelators were removed, the proteins ‘renatured to the 
aggregation-enhancing states. This hypothesis presumes that calcium ions do 
not affect these proteins as other cations do at a concentration below 0.2 M 
and might even stabilize these proteins. 
In contrast to cations, anions seem to play a minor role in adhesion and 
aggregation. The levels of adhesion and the degree of aggregation in 
electrolyte solutions containing chloride and sulfate ions were shown to have 
indistinguishable differences as long as the ionic strength of the electrolytes 
were equal (Figure 4.3.2). In case of phosphate buffers (pH 7.0) the ionic 
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strengths are 1.6 times that of equi-molar sodium chloride solutions. If the 
determined effective inhibitory concentration (0.05 M) of the phosphates is 
adjusted for the ionic strength so that it is comparable to sodium chloride 
solutions, the adjusted effective inhibitory concentration would be equivalent 
to 0.08 M sodium chloride. This value is close to the determined 
concentrations for the chlorides which is 0.07 M. Thus, the effects of 
chlorides, sulfates or phosphates appeared to have no significant differences. 
5.4,2 Effects of Aggregation on Adhesion 
An interesting correlation was found in the electrolyte experiment, that 
is, lower percentage of single cells correlates with more adhered bacteria on 
glass (Figure 4.3.3). The question now is whether the increased adhesion was 
the result ofaggregation or another effects of the electrolytes. It is concluded 
that aggregation causes an increase in adhesion. The reasons are as follows: 
Firstly, aggregation was influenced by electrolyte concentrations in quite 
a discrete manner. On the other hand the concentration effects of electrolytes 
on adhesion were less obvious (Figure 4.3.4 Figure 4.3.5). It suggests that 
the effects are different from the effects on aggregation and it may be an 
indirect process. Furthermore, the percentages of single cells in similar 
concentrations of calcium chloride can be significantly higher. This indicates 
that electrolyte concentration is not the determining factor for the increase in 
adhesion. Secondly a similar correlation was also observed in other 
occasions (compare normal wild-type cells with mutant or protease-treated 
cells). This shows that the correlation between adhesion and aggregation is a 
general rule rather than a specific phenomenon. 
« 
In agreement with the conclusion here, Liljemark et aL (1981) suggested 
that the formation of large aggregates decreased the number of adhered 
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organisms. In contrast, the formation of small aggregates actually increased 
the number of adhered bacteria. They further stated that, all increases in 
adhered bacteria occurred at low concentrations of aggregating substances 
(lectins) in which visible bacterial aggregation was not evident. The authors 
explained that large aggregates had a proportionally less area for surface 
contact and was more easily removed from the surface by liquid motion. The 
increased adhesiveness of small aggregates was attributed to an increase in 
contact sites with the surface. 
An alternative explanation given here is that due to the small sizes of 
aggregate produced in this experiment (less than 50 cells per aggregate), the 
aggregates will appeared planar or folded into planar forms upon adhesion on 
the surface. The planar configuration can increase the contact area with the 
surface. Observation under the microscope confirmed this hypothesis since 
the incidents ofcell stacking were rarely encountered. (Appendix 6.1) 
5.4.3 Effects of Cyclohexylammonium Sulfate and Ammonium Sulfate 
on Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 
Adhesion and aggregation of Pseudomonas aeruginosa ATCC 10145 on 
surfaces with different surface free energies were investigated in different 
concentration ofammonium sulfate and cyclohexylammonium sulfate. 
Adhesion and aggregation in ammonium sulfate will be considered first. 
It is not surprising that the levels of adhesion on glass and polystyrene were 
found to be similar. Being a hydrophilic strain, Pseudomonas aeruginosa 
ATCC 10145 readily adheres to glass and polystyrene in which electrostatic 
interactions played the major role. The slight declining trends seemed to be 
caused by aggregation (Section 5.4.2). In polyethylene, higher concentration 
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of ammonium sulfate had increased the adhesiveness to polyethylene. This 
seems to suggest that Pseudomonas aeruginosa ATCC 10145 adhered to 
polyethylene by hydrophobic interactions. At higher ammonium sulfate 
concentrations, the charges on the cell surface are reduced and hydrophobic 
interactions subsequently become more dominant, therefore the level of 
adhesion increases. 
The appeared decline in percentage of single cells on glass in ammonium 
sulfate at concentrations higher than 0.2 M may be caused by the salting-out 
effect of ammonium sulfate as described in SAT (Section 1.1.4.2.2). 
However, this effect was not observed in bacterial aggregation screening test 
at the standard cell density although it was detected at a higher cell density. 
So it is not certain if salting-out effect had occurred or not. In contrast to the 
aggregation behavior on glass, the detected percentages of single cells on 
polystyrene and polyethylene were significantly larger. It is not clear why the 
difference appeared. Either the high ammonium sulfate concentration had 
selectively prevented the adhesion of aggregates onto the polymer surfaces, 
or some other effects such as cooperativity had occurred. 
In cyclohexylammonium sulfate, the adhesiveness on glass and 
polystyrene appeared lower than that in ammonium sulfate particularly at high 
concentration. It is thought that the cyclohexylammonium ions adsorbed on 
the substratum with the amino groups facing the surfaces and the cyclohexyl 
groups facing the aqueous solution. Due to steric hindrance of the cyclohexyl 
groups, adhesion is hindered. On the other hand, the orientation of 
cyclohexylammonium ions is actually consistent for the cell and polyethylene 
surfaces. Therefore steric effect does not occur. In addition, adsorbed 
cyclohexylammonium ions can make the. cells appeared more hydrophobic. 
The enhanced hydrophobic interactions may produce an extra attractive force 
favoring adhesion on polyethylene. 
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The generally lower degree of aggregation in cyclohexylammonium 
sulfate than that in ammonium sulfate can also be explained by the steric 
effects mentioned earlier. In addition, because of their bigger sizes, 
cyclohexylammonium ions might not be as efficient as ammonium ions in 
reducing the cell surface charges. At concentrations below 0.02 M, 
percentages of single cells on glass and on polystyrene were over 50% but the 
percentage appeared lower than 50% on polyethylene. The cause of the 
difference is not clear. 
In this section, it has been shown that the percentage of single cells 
detected on different surfaces were different. In some cases, adhesion of 
aggregates seems to be disfavored as compared to single cells though the 
causes of these phenomena are not clear. This apparently contradicts the 
conclusions in Section 5.4.2. It seems to be that the effects of aggregation on 
adhesion is more subtle and might depend also on the hydrophobicity of the 
surface and the nature of the suspended buffer. However, the conclusion that 
aggregation enhanced adhesion on glass can still be hold true if subjected to 
certain restrictions, which include low electrolyte concentration, low cell 
density and the simplicity in the chemical structures (particularly without 
bulky hydrophobic groups) of the composite ions in the electrolytes. 
5.4.4 Effects of Sugars and Amino Acids on Adhesion and 
Aggregation of Pseudomonas aeruginosa ATCC 10145 
The results (Table 4.3.4 Table 4.3.5) demonstrated that sugars and 
amino acids do not inhibit aggregation. The appeared inhibitory effects of 
glucosamine, glucose-1 -phosphate and gluconate were due to the charges of 
« 
these sugars since the effects were similar to that of the control salts of the 
same concentrations. Therefore, lectin-like interactions seemed not play a 
143 
role in aggregation. Likewise, the slight decrease in aggregation in histidine 
was also due to charge effects since histidine carries a net positive charge at 
neutral pH. 
5.5 Effects of Various Cell-surface Modifications on Adhesion 
and Aggregation of Pseudomonas aeruainosa ATCC 10145 
In order to find out which components on the cell surface are • 
responsible for aggregation, various pretreatment of the cells were performed. 
The results are summarized as follows: 
The time profiles in Figure 4.4.1 confirmed that protease-treatment 
decrease the ability of the cells to aggregate. This implies that protease-
sensitive components are involved in aggregation. 
Protamine is a basic protein. When it was incubated with pronase-
treated cells, the ability of the cells to aggregate was partially recovered 
(Table 4.4.2). Other protein did not produce the same effect (Bovine serum 
albumin seems to block the surface and reduce the adhesion of the bacteria.). 
This suggests that the protease-sensitive components involved in aggregation 
might be basic proteins. It is logical to speculate that these basic proteins can 
serve as a bridge to attract the negatively-charged bacterial cells. 
Hydrochloric acid can hydrolyse the sugar moieties of 
lipopolysaccharides and denature proteins. It can disrupt the cell wall of the 
bacteria and even lyse the cells. In this study, HCl-treatment was shown to 
lyse some of the cells (Section 4.4.3). The lysed cells with the cellular 
contents and unlysed cells aggregated into flocs. The cellular contents of 
lysed bacteria seemed to precipitate with the cells and were not removed 
completely during washing. They were finally carried through to the adhesion 
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assay and blocked the surface preventing the adhesion of the bacteria. No 
concrete conclusions can be drawn although the results may hint a possible 
origin of the components involved in aggregation to be from cellular contents 
oflysed cells 
Heat-treatment abolished bacterial adhesion and aggregation (Table 
4.4.3). Lipopolysaccharides should be unaffected with this treatment but the 
outer membrane proteins would be denatured. This implies a more minor role 
of lipopolysaccharides in adhesion and aggregation. The more likely 
candidates involved in the aggregation mechanism would be proteins. After 
denaturation by heat, their abilities to enhance cellular aggregation may be 
destroyed. 
The decrease in the degree of aggregation after extensive washing 
(Table 4.4.4) shows that part of the cell surface components responsible for 
aggregation might be removed during the process. In addition, the washing 
procedure did not seem to affect adhesion on glass. An examiner of this 
thesis suggested a further examination of the effect of washing on the 
mutants. 
It is concluded that one or more protein components are involved in the 
aggregation mechanism. These protein components attach to the cell surface 
quite strongly. They are either outer membrane proteins, cell surface 
organelles or other proteins secreted by the cells. These proteins are probably 
not lectins since sugar inhibition test had shown negative results. The fact 
that aggregation was dependent so much on electrolyte concentrations 
suggests that charge effects are important in the aggregation mechanism. 
This and the protamine experiment support the hypothesis that these protein 
components might be basic proteins. 
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5.6 Isolation and Growth Characteristics of Aggregation-
deficient Mutants 
As the investigation of the mechanism of aggregation was underway, 
isolation of aggregation-deficient mutants were also attempted at the same 
moment. Previous reports have mentioned the successful isolation of 
spontaneous mutants of aggregation and have suggested the advantages of 
spontaneous mutagenesis (McNab and Jenkinson, 1992). The authors have 
claimed that spontaneous mutagenesis makes it more likely that the mutants 
carry point mutations or alternatively mutations in chromosomal hot spots 
involving for example insertion elements. 
In this study, the mutants were enriched by inability of their cells to 
aggregate. The similar phenotypic properties of the four isolates support the 
possibility that they were resulted from the same mutation. The mutation 
affecting cell-surface characters might reside in a gene encoding a structural 
protein of the cell-surface, an enzyme responsible for polysaccharide 
synthesis, or in a gene encoding a component of secretaiy pathway. The 
increase in the growth rate of the mutant on agar surface suggests that the 
mutation might affect cell locomotory functions or substrate utility. That 
means the mutation would be related to the gene involving in flagella or pili 
functions, porin (gate or channel for biomolecule entrance or secretion) 
functions or protease secretion. 
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5,7 Comparisons of the Adhesion and Aggregation Characters 
of Pseudonomas aerupinosa ATCC 10145 and Mutant 9 
5.7.1 Adhesion and Aggregation of Pseudonomas aeruginosa 
ATCC 10145 and Mutant 9 on Different Surfaces In Different 
Electrolytes 
Adhesion and aggregation behaviors of one of the mutants, mutant 9 
were further characterized and compared with the wild-type. Under the 
standard condition, the determined percentage of single cells for mutant 9 
was about 50%. The appeared lower adhesiveness of mutant 9 was probably 
due to the effect of aggregation on adhesion (Table 4.6.1). 
From the results ofbacterial aggregation screening tests, it is postulated 
that the lower adhesiveness may be related to the aggregation of the mutants 
at high ammonium sulfate concentrations. The extensive aggregation of the 
mutant at 1 M ammonium sulfate detected by bacterial aggregation screening 
tests also gives an evident that mutant 9 may be more hydrophobic than the 
wild-type. 
5.7.2 Adhesion and Aggregation of Pseudomonas aeruginosa 
ATCC 10145 and Mutant 9 Under Shear 
The main difference of the wild-type and the mutant on the adhesion to 
test-tube wall under shear was that electrolytes produced two different effects 
on the wild-type cells while only one effect was observed in the mutant. The 
common effect observed in both strains occurred at 0.5 M and 1 M sodium 
« 
chloride or potassium phosphate buffer. This effect might be explained by the 
DLVO theory. According to the DLVO theory, at high electrolyte 
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concentrations, cell surface charges can be reduced at a very short distance. 
The energy barrier will be reduced. Adhesion can then take place at the 
primary minimum. The second effect observed only in the wild-type cells at 
lower electrolyte concentrations was most probably related to aggregation. 
The fact that adhesion depended so much on electrolyte concentrations and 
that the adhered cells can withstand the high shear force might suggest the 
presence of attractive electrostatic interactions. 
i 1 
5.7.3 Adhesion and Aggregation of Combined Suspensions of 
Pseudomonas aeruginosa ATCC 10145 and Mutant 9 
The non-symmetric appearance of the curve in Figure 4.6.4b implies that 
mutant 9 can be aggregated by the wild-type cells. This suggests that either 
an adhesive such as the exopolysaccharides were deficient in the mutant or 
the aggregation mechanism involved at least two components that match each 
other on aggregation. 
5,8 Characterization of the Cell Surface Properties of 
Pseudomonas aeruginosa ATCC 10145 and Mutant 9 
Since previous results have suggested the involvement of protein 
components in the mechanism of aggregation, the outer membrane proteins 
were the first targets of investigation. 
The band patterns (Figure 4.7.1) for all the isolated mutants were 
similar. The mutants produced thicker bands at about 81 and 85 kDa 
compared with the wild-type (lane 7). - The molecular weights of these 
proteins were consistent with the reported molecular weights of iron-
regulated membrane proteins (ERMPs) (Hancock et aL’ 1990). ERMPs 
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function as a transporter for the iron chelators pyoverdins. The increase in 
the expression of these proteins indicated that the mutants might be in an 
iron-deficient state (Cochrane et aL, 1987). It was also found that the media 
in which the mutants grew were more intensely yellow after 32 h of growth 
indicating the secretion of more pyoverdins (data not shown). However, 
these differences between the mutant and the wild-type may only be caused 
by the faster growth rates of the mutants because intense yellow pigment also 
appeared if the wild-type cells were grown for longer hours (data not shown). 
Therefore, it is not likely that ERMPs would be involved in aggregation. 
Bacteria grown in LB (lane 6) appeared to have several differences in 
the band patterns. The almost absence of bands at about 81 and 85 kDa 
indicated that ERMPs were not expressed. It is probably due to the 
aboundance of iron source in LB. The presence of the band at 54.5 kDa 
indicated the expression of elastase (Hancock et cd., 1990). This enzyme 
being a protease was induced in the protein-rich LB. The extra band at 
28 kDa coincided with the OrpG expressed in other Pseudonomas 
aeruginosa grown in certain media (Hancock et aL, 1990). The function of 
this outer membrane protein is still unknown. Concerning the possible 
involvement of OrpG on aggregation, further SDS-PAGE examination for 
mutants grown in LB should be conducted as suggested by the examiners of 
this thesis since previous results showed that Pseudonomas aeruginosa 
ATCC 10145 grown in LB had lower degree of aggregation (Section 4.2). 
The appeared thinner band at 21 kDa for the wild-type grown in PBM 
(lane 7) seemed to be due to a staining artifact becasue the protein band for 
the molecular weight marker protein at the adjacent lane (lane 8) was also 
thin (compare the 21.5 kDa marker protein in lane 1). 
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From the protein profiles here, no significant differences were found 
between the mutants and the wild-type grown in PBM. It is concluded that 
either the method was not sensitive enough or the mutants and the wild-types 
expressed the same outer membrane proteins. 
In addition to outer membrane proteins, another possible candidate, the 
pili, was also investigated. Because of the large amount of cells required for 
the extraction of sufficient quantities of pili and the shortness of time, 
isolation of the pili was unsuccessful. However, subsurface twitching assays 
were performed to see the difference of the wild-type and the mutant in pili-
elicited twitching mobility since the mutant had demonstrated a faster growth 
rate on agar surface. The bigger sub-surface colonies produced by mutant 9 
(Figure 4.7.2) suggests that mutant 9 had altered twitching mobility. The 
similar mobility of both strains detected by soft-agar swarm assays 
(Section 4.7.3) gives another evident that the increase in growth rate was not 
due to increased flagella motions. 
Alginate is implicated in the adhesion of Pseudomonas aeruginosa as 
well as the expressed mucoid-phenotype of some strains, therefore its role on 
aggregation of Pseudomonas aeruginosa ATCC 10145 and mutant 9 were 
investigated. The results in Table 4.7.1 showed that there was no detectable 
alginate either in the growth media or on the cell surfaces. It is concluded 
that either the alginate was produced in an amount lower than the detection 
limits of the assays or alginate was not produced by both the wild-type and 
the mutant at these conditions. 
« 
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5.9 General Discussions 
In the current study, a method was developed to quantify bacterial 
aggregation. The method is consistent and has high resolution. Using this 
method, the effects of electrolytes on the aggregation of Pseudomonas 
aeruginosa ATCC 10145 and the mechanism of aggregation were 
investigated. 
t « 
One major drawback of the current method was its inability to 
distinguish aggregation that occurs in the bulk liquid and that occurs on the 
surface. In addition, its reliance on microscopic counting limits the ranges of 
cell densities and exposure times with which the method is applicable. The 
relationship between aggregation and adhesion was investigated. It was 
found that aggregation promoted adhesion on glass surface. However, this 
effect is subjected to certain factors. Therefore, interpretation of the adhesion 
and aggregation results should be made with extreme care particularly when 
different surfaces or high electrolyte concentrations are involved. In the 
current study, bacterial adhesion on glass assay was complemented with 
bacterial aggregation screening test to generate more reUable results. 
Concerning the effects of electrolytes, it was found that divalent cations 
at twenty times lower concentration can reduce the rate of aggregation 
comparable to that of monovalent ions. The involvement of calcium ions in 
the mechanism of aggregation was supported by the fact that very high 
concentration was needed to slow down aggregation significantly and that 
EDTA and EGTA inhibited aggregation. It is proposed that the inhibitory 
effects of cations, particularly divalent cations, were due to their displacement 
of the calcium ions from the cell surfaces as also proposed by Nir et al. 1983. 
Anions did not seem to have significant effects on aggregation. 
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In agreement with the result here, Ebisu et al. (1992) and Armstrong et 
al. (1993) also demonstrated the involvement of calcium ions in the 
coaggregation of Pseudomonas aeruginosa with other oral bacteria by EDTA 
treatments. 
In addition, Komiyama et al. (1987) also found that heat-sensitive and 
protease-sensitive components were involved in the coaggregation of P. 
aeruginosa with other oral bacteria. In contrast to the results presented here, 
they found that coaggregation was dependent on lectin-like interaction since 
it was inhibited by lactose. This showed that the proteins involved in the self-
aggregation of Pseudomonas aeruginosa ATCC 10145 might not be the same 
as that found by these authors. In addition, Mudler et al. (1989) also found 
that basic proteins were involved on self-aggregation of Selenomonas 
ruminantium. He identified the basic proteins to be from ribosomal origins 
that were secreted into the growth medium upon death and lysis of the 
bacteria. Regarding which specific proteins might be involved in the 
aggregation mechanism of Pseudomonas aeruginosa’ more detailed studies 
should be made before the final conclusion can be made. The use of 
monoclonal antibodies or other techniques may be advantages in the 
elucidation process. 
The isolated spontaneous aggregation-deficient mutants showed faster • 
growth rates on agar surface. This may be caused by altered pilus functions 
as supported by the increased twitching mobility. The altered pilus 
expression may be the cause of the appeared higher CSH of the mutant cells 
than the wild-type cells since pili were the major hydrophobic organelle of 
bacterial cells. Hyper-pilliated strains of Pseudomonas aeruginosa have been 
shown to be more hydrophobic (Speert.e/ al., 1986). The possibility that 
mutant 9 was also hyper-piliated can be confirmed with the aid of an 
electronic microscope. 
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Recent researches concerning the type-4 pili of Pseudomonas 
aeruginosa have discovered the involvement of certain gene products of the 
PEL gene on the protein secretion pathway of the bacteria (Lu et al., 1997 
Lory and Storm, 1997). Bradley (1980) has suggested that twitching mobility 
is caused by the growth and retraction of the piH. The increase in twitching 
mobility detected in mutant 9 although small (by 23%), may be caused by an 
alteration in pilins expression or in the control of the assemblance and the 
j ‘ 
depolymerization of the pili. The cause of these alterations might reside on 
the deficiency of one of the many gene products possibly related to pili 
functions or protein secretion. The complexity of their control mechanisms 
indicates that both functions are vital to the organism especially in the 
pathogenesis of infections. It is still early at this stage to speculate which 
gene segment had been mutated or what changes had caused the deficiency in 
the aggregation of the mutants. 
The results in this study have shown that Pseudomonas aeruginosa 
ATCC 10145 will aggregate under certain conditions. It is reasonable to 
speculate that other strains of P. aeruginosa might aggregate in a similar 
manner as ATCC 10145. By aggregation, P. aeruginosa may adhere to 
surfaces more readily because of higher sedimentation rate and possible 
increase in adhesiveness. These may enhance its survival because adhered 
bacteria can undergo biofilm mode of growth. 
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6 APPENDIX 
6.1 Visual Examination of Adhesion and Aggregation of 
Pseudomonas aeruginosa ATCC 10145 on Glass 
A standard bacterial adhesion on glass assay was performed in 10 mM 
potassium phosphate buffer (pH 7.0) with the exception that microscopic 
cover glass (22 x 60 mm, Fisher Scientific Co.) was used as the adhesion 
surface instead of the thicker glass slide. The adhesion assay platform was 
fixed on the stage of an inverted microscope. The adhesion and aggregation 
patterns were photographed at 15 min intervals from 30 min to 3 hours with a 
40 X objective. The photographs were shown in Figure 6.1. 
As shown in the photographs, cell-stacking was uncommon and both 
single cells and aggregates deposited on the glass surface. It was also 
observed that some new cells had deposited near other surface-associated 
bacteria. Since, the chance for the incidents had not been compared with the 
chance of their adhering on cell-free surfaces, the conclusion that cooperative 
effect existed cannot be drawn. 
6.2 Fractal Analysis of Bacterial Aggregates 
Standard bacterial adhesion on glass assays were performed in 10 mM 
potassium phosphate buffer (pH 7.0) from 30 min to 3 hours at 30 min 
intervals. After washing in the standard procedure, the specimens were 
observed under a microscope with a 100 x objective. The images were 
photographed and then printed in standard 3R size photographic papers by a 
local photofinisher. 
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Figure 6.1 Time Profiles of the Adhesion and Aggregation Patterns of 
Pseudomonas aeruginosa ATCC 10145 on Glass 
The adhesion and aggregation patterns of Pseudomonas aeruginosa ATCC 
10145 on glass incubated in 10 mM potassium phosphate buffer (pH 7.0) for 
(a) 30 mih, (b) 45 min, (c) 60 min, (d) 75 min (e) 90 min, (f) 105 min, (g) 
120 min, (h) 135 min, (i) 150 min, 165 min, (k) 180 min, and (1) after 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































According to Logan and Wilkinon (1990), the fractal dimension, Dyj, for 
an object in n dimensions can be calculated from the following equation: 
N lDn (1) 
while 1 is the characteristic length scale of the aggregate and N is the 
number of cells inside the aggregate. Since fractal dimension is scale-
invariant, these two values were obtained for fifty aggregates with different 
sizes directly from the photographs. The data were plotted on a double-log 
graph QFigure 6.2). Z)„ was the slope of the line. 
The shape ofthese aggregates suggested that, they had fractal geometry. 
The data were analyzed with the aid of a double-log plot. From Figure 6.2, 
the fractal dimension was determined to be 1.44. This value was close to the 
reported value (1.42 0.03) of the diffiision-limited cluster-cluster 
aggregation model (Meakin, 1988). 
It should be noted that the results obtained here were observed from 
specimens that had been washed by the standard procedure. It was observed 
that the washings dislodged some of the aggregates from the surface and 
these aggregates, in sheet form, moved to other sites and settle at new 
positions. These procedures usually brought several pieces of aggregates 
together to form bigger sheets (Figure 7.11). As a result, aggregates ofmore 
than a hundred cells can be observed occasionally. Therefore the aggregates 




Figure 6.2 Double-Log Plot of Number of Cells in the Aggregate 
against the Length of the Aggregate 
The adhesion and aggregation pattems of Pseudomonas aeruginosa ATCC 
10145 on glass were photographed with a 100 x objective from 30 min to 3 h 
ofincubation in 10 mM potassium phosphate buffer (pH 7.0). The sizes of 
the aggregates in the photograph were measured and the number ofcells in 
each aggregate was counted. The data were plotted in a double-log graph. 
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